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ABSTRACT 
The diluted Magnetic semiconductor (DMS) is referred to as a semiconductor in 
which a small fraction of host cations are replaced by transition metal ions (TMI) as 
magnetic elements. In the recent years, large efforts have been devoted to the 
investigation of DMS materials due to their potential application in spintronic devices. 
The operation of spintronic devices depend on charge and spin of electrons. Practical 
applications of DMS materials require both Curie temperature at/above room temperature 
and the ferromagnetic properties, which should be intrinsic and not due to the presence of 
magnetic clusters of dopants. 
The aim of this work is to study the structural and magnetic properties of Zinc 
Oxide (ZnO) based diluted magnetic semiconductor. The un-doped and doped ZnO with 
some transition metal elements has been studied. ZnO based DMS have attracted a lot of 
attention of scientific community due to potential application of these materials in 
opto-electronics and spintronic devices. ZnO is an attractive semiconductor compound 
(II-VI) for numerous applications and a building block material for many advanced 
device technologies because of its large band gap (3.35 eV) at room temperature. It has 
large excitonic binding energy (60 meV), optical transparency, chemical stability, 
hardness and piezo-electric properties. The results of this thesis contribute to the 
knowledge of nature and physical properties of these materials. All nano-composite 
materials in the present thesis were in powder form and synthesized through sol-gel 
method and are annealed at different temperature. They are nanoparticles of Co doped 
ZnO, Co/Cr co-doped ZnO, CoJNi co-doped ZnO and pure ZnO without dopant elements 
annealed at different temperatures. Characterization techniques like, X-ray diffraction 
(XRD), scanning electron microscope (SEM), transmission electron microscope (TEM), 
energy dispersive X-ray spectroscopy (EDAX), superconducting quantum interference 
device (SQUID), vibrating sample magnetometer (VSM), X-ray photoelectron 
spectroscopy (XPS) , Raman Spectroscopy, Fourier transform infrared spectroscopy 
(FTIR) and Photoluminescence (PL) spectroscopy, have been used. A brief description 
of the thesis, which has been divided into seven chapters, is given below: 
Chapter 1 deals with a brief introduction about semiconductor materials. All 
semiconductors can be used as host semiconductors in diluted magnetic semiconductors 
(DMS). ZnO is one of the most important semiconductor compounds. The general 
properties of ZnO and ZnO based DMS system have been described. The magnetic 
properties of DMS materials with some models have been presented, like double 
exchange (SE), super exchange (SE), the Ruderman-Little-Kasuya-Yosida (RKKY), 
mean—field model and bound magnetic polaron (BMP). These models give good 
approach for understanding the nature and the origin of magnetization in DMS material. 
However the origin of ferromagnetic behavior in DMS is one of the most conventional 
topic in condensed matter science. The term nanoparticles describe the size of particles in 
nano-scale in the range of 1 to 100 nni, at least in one of the three possible dimensions. 
With decreasing size of particles, the surface to volume ratio increases and the most 
significant consequence of the nanoscale is the presence of atoms, molecules and defects 
constituting the nanoparticles on the particle's surface rather than the particle interior. 
The physical and chemical properties of the nanoparticles change as compared to that of 
the bulk material. Also the magnetism and band energy gap are affected by the size of 
nanoparticles. A simple and brief explanation of magnetization dependent size of 
nanoparticles has been given. At last, the motivation for the present thesis work has been 
addressed. 
Chapter 2 covers the experimental details about the various techniques employed. 
In synthesis process, sol-gel method has been described. The various characterization 
techniques, which have been used in the present thesis work, are XRD, SEM, TEM, 
EDX, XPS, UV, SQUID, VSM, FTHR, Raman and PL spectroscopy have been also 
described. 
In chapter 3, the structural, electrical and magnetic properties of pure ZnO and 
ZnO doped with Co (10 at. %), synthesized through sol-gel method, have been studied. 
The differential thermal analysis (DTA) and thermal gravimetric analysis (TGA) results 
confirm that, the chemical reaction by sole-gel method with annealing temperature of 
450 °C was performed successfully and all starting organic precursors might have been 
decomposed. The XRD and HRTEM analyses confirm the single phase formation of the 
II 
mples with typical hexagonal wurtzite structure of P63mc (186) space group and 
_.cclude the presence of any secondary phase formation corresponding to any structure. 
The average crystallite size calculated from the XRD data of nanoparticles has been 
found to be 19.5 nm to 14.5 nm. The SEM and TEM images show that, all nanoparticles 
are almost spherical in shape. The FTIR measurements show presence of some organic 
defects on the surface of the nanoparticles and the peaks located in the range 400-500 
cni 1 are attributed to the Zn-O vibration modes. The UV-VIS spectra have been studied 
to confirm the interactions between dopants ions and to calculate the direct band gap 
energy. Further, the electrical properties have been studied. The samples show 
ferromagnetic hysteresis loop with saturation magnetization of the order of 10 3emulg. 
The observed ferromagnetism (FM) has been explained on the basis of bound magnetic 
polaron mechanism and RKKY model. 
In chapter 4, the structural, optical and magnetic properties of ZnJ.97.XCrXCoO,030 
(x = 0.0, 0.03, 0.06 and 0.09) nanoparticles synthesized through sal—gel route have been 
studied. The XRD and selected area electron diffraction (SAED) pattern confirm the 
single phase nature with hexagonal wurtzite structure of the samples. The average size of 
nanoparticles decreases from —24 to 9 nm with increasing Cr dopant concentrations (x). 
Micro-Raman and XPS studies show the presence of oxygen vacancy (V0) defects. The 
XPS studies show interaction between Cr-Co dopant and transfer of electrons from Cr 
(3d) state to unfilled (3d) state of Co. The observed ferromagnetism is intrinsic in nature, 
and not due to any metallic segregation or impurity phase. The oxygen vacancies mediate 
the dopant ion interaction, and the ferromagnetism can be elucidated by bound magnetic 
polaron (BMP) mechanism. The M-H data have been fitted by BMP model which 
confirms that the model is good to explain the mechanism of FM in the present samples. 
Chapter 5 presents the structural, optical and magnetic properties of Co/Ni 
Co-doped zinc oxide. Zno9Coo.i_,,Ni,,O (x = 0.0, 0.03, 0.06 and 0.09) sample were 
synthesized by the so l--gel method. The XRD, FTIR and UV—VIS spectroscopy have 
been used. The XPS studies show that the oxidation states of Co and Ni are Coe+ and 
Nit+, respectively. Moreover, XPS 0 is spectra show evidence of the presence of the 
oxygen vacancy in the ZnO matrix. Magnetization data reveal the presence of room 
111 
temperature ferromagnetism (RTFM). The M-T, ZFC and FC have also been studied. 
The magnetic susceptibility and the calculation of effective magnetic moment for Co and 
Ni have been obtained. 
In chapter 6, the effect of annealing temperature on the structural and magnetic 
properties of the pure ZnO nanoparticles (NPs), synthesized using sol-gel route have 
been presented. The XRD patterns confirm the single-phase, a typical wurtzite structure, 
in all the samples. Crystallite sizes are found to increase with increasing the annealing 
temperature. The defects and the presence of oxygen vacancies have been estimated 
through Photoluminescence (PL) and Raman spectroscopy. These samples exhibit room 
temperature ferromagnetic behavior and saturation magnetization (Ms) value decreases 
gradually with increasing the annealing temperature. The results show that ferromagnetic 
ordering in ZnO nanoparticles is intrinsic and has been induced via surface defects like 
oxygen vacancy. 
Chapter 7 presents an overview of the results concluded from all the previous 
chapters and scope of future work of the studied materials. 
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samples annealed at 250 °C, 1250 °C. 
Chapter 1 
INTRODUCTION 
In this chapter, the semiconductor materia&s, which 
can be useias host semiconductors in the d?(uteé magnetic 
semiconductors ((DIMS,), have been described ZnO is one of 
among the best semiconductor compounds  for industrial 
(DIMS. Structural and general properties of ZnO are 
discussed in this chapter. Magnetic properties of c~41S 
materials are presented with some modes like dou6fe 
exchange, super exchange, cRKK mean yield mod e1 
bound magnetic pofaron; these modes give good approach 
for understanding the nature and the origin of 
magnetization in cD.MS material At last, motivation for 
different experiments performed is presented 
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1.1 Semiconductors 
1.1.1 Introduction 
The semiconductors; silicon (Si) and germanium (Ge) are used for electronic 
devices because of their unique properties; like direct wide band gap energy (3.37 eV), 
low melting point high electron mobility, strong room-temperature luminescence and 
controversial room temperature ferromagnetism (RTFM) etc. The first semiconductor 
transistor of Si was invented in 1947, by the scientists of Bell Labs. The research in 
semiconductors material and nanotechnology still continues for development of the 
electronic devices, to be faster, smaller and low power consumption [1]. Nowadays, the 
nanotechnology make very successful integrated electronic circuits (IECs), which consist 
of several millions of transistors in a single chip of very small dimensions (mm2), like 
micro-processor, micro-controller, memories etc. The diluted magnetic semiconductor 
(DMS) is traditionally defined as a diamagnetic semiconductor doped with a few to 
several atomic per cent of some transition metal with unpaired d electrons. The DMSs 
have semiconducting properties as well as magnetic properties. This kind of materials can 
be used for fabricating new generation of electronic devices, which can be controlled by 
electric signal; current or voltage as well as by spin of electron (magnetic field). So, these 
devices are called spintronic. The research in the DMS materials was first started in 1979 
[2]. Much attention is given for this type of materials in research as well as in industry. 
The spin light emitting diode is a prototypical device of this kind that has been 
extensively used to characterize the extent of spin polarization in the active light emitting 
semiconductor heterostructure. The first and real application of spintronic technology 
was the Giant Magnet Resistance (GMR), which is used as a head in the hard disk 
produced by IBM Corp., where the materials formed as multilayer film and its operation 
depend on electric and magnetic interaction (Fig. 1. 1) [31. Here, we would like to 
mention briefly the basic aspect of the semiconductors materials. Simply, the materials in 
nature can be classified as insulators and metal. The metals are good conductors of 
electricity with delocalized electron conductivity and low band gap energy, while the 
insulators have very high values of resistivity with localized electron and very high band 
gap energy. The semiconductor lies between them, where the resistivity lies in the range 
of (102 to 109 Li-cm), which is intermediate between the resistivity of a good conductor 
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(10-6 SZ-cm) and insulators (1014 to 1022 S2-cm). The band gap energy of semiconductors 
lies between 0.5 - 5 eV. It has valance band of localized electrons at or low Fermi level 
and delocalized electrons in the conductivity band, separated by. band gap energy. 
Fig. 1.1: (a) Illustrates a hard disk; (b) the GAM head which is used for reading, writing 
in the hard Disk IBM (See Ref. [3], link) 
1.1.2 Classification of semiconductors 
1.1.2.1 	Element Semiconductors 
Si and Ge are two important semiconductors element, which belong to group IV 
of Periodic Table. All the group IV elements have two electrons in their outermost p sub-
shell and crystallized in a diamond-type structure in which the neighboring atoms are 
bound by homopolar cohesive forces that determines the two important properties of 
these materials, mainly the melting point and the energy gap etc. [4]. 
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1.1.2.2 Compound Semiconductors 
In recent years, a number of compound semiconductors have found application in 
various devices. The most important of them are intermetallic III-V and II-VI as shown in 
the Table 1.1 and Table 1.2. All compounds in the tables can be used as host 
semiconductors in DMS. ZnO is one of these semiconductors compound based DMS, 
where Zn belong to group I1 and 0 group VI. Among the oxides, ZnO is one of the best 
materials for DMS application and also for many other applications like electro-
photography as photosensitive material and so. Therefore, we concentrate in this work on 
synthesis of ZnO nanoparticles doping with some transition metal elements, based DMS 
and its characterization. 
1.1.3 ZnO Semiconductor 
Zinc oxide is an inorganic compound, which has attracted much attention within 
the scientific community as a future material. This is, however, somewhat of a misnomer, 
as ZnO has been widely studied since 1935 [5], ZnO semiconductors have numerous 
attractive characteristics for electronics and optoelectronics devices [t] such as: 
> It has direct band gap energy of 3.37 eV, which means it is transparent in visible light 
range and operates in the UV to blue wavelengths. 
The exciting binding energy is —60 meV for ZnO. The higher exciting binding energy 
enhances the luminescence efficiency of light emission. 
The room temperature electron Hall mobility in single crystal ZnO is --200 cm2 V-' 
with higher saturation velocity. 
ZnO has exhibited better radiation resistance, so can be used for devices in space and 
nuclear applications. 
> ZnO can be grown on inexpensive substrate, such as glass, at relatively low 
temperatures. 
Syntheses of various nanostructures, such as nanowires and nanorods, have been 
demonstrated. These structures are ideal for detection applications due to its large 
surface area to volume ratio. 
Generally, it is one of the best semiconductors for many applications [1]. 
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TABLEI.1 In the first column and f rst row are the elements of III and V group in the 
periodic tables respectively, each compound of III - V are considered as compound 
semiconductor [4]. 
Group III Al 	 Group V A--► 
N P As Sb 
B BN BP BAs BSb 
Al AIN Al P AI As AI Sb 
Ga Ga N Ga P Ga As Ga Sb 
In In N In P In As In Sb 
TABLEI.2 In the first column and first row are the elements of II and VI group in the 
periodic tables respectively, each compound of II - VI are considered as compound 
semiconductor [4]. 
Group II B,, 	 Group VI A -+ 
0 S Sc Te 
Zn Zn 0 Zn S Zn Sc Zn Te 
Cd Cd 0 Cd S Cd Sc Cd Te 
Hg Hg 0 Hg S Hg Sc Hg Te 
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1.1.3.1 Crystal structure and lattice parameters of ZnO 
The lattice parameters of any crystalline material are commonly and most 
accurately measured by high resolution X-ray diffraction (HRXRD), using the bond 
method [5, 6]. ZnO crystallizes in hexagonal wurtzite (B4 type) structure with space 
group of P63mc (186) as shown in Fig. 1.2. The crystal structure contain Zn and 0, which 
can be considered as two inter connecting sub-lattices of Zn2+ and 02- in tetrahedral 
structure, each atom of Zn is surrounded by four atoms of 0 and vice versa, this 
tetrahedral coordination gives rise to polar symmetry along the hexagonal axis. The 
lattice parameters of the hexagonal unit cell are a=3.249 A and c=5.206 A and its density 
is 5.605 g cm 3 [7]. 
Fig. 1.2: The hexagonal crystal structure of ZnO 
The unit cell angles in hexagonal are a1190° and y=1200. ZnO also can be 
crystallized in the cubic zincblende and rocksalt (NaCI) structures, zincblende structure is 
stable only by growth on cubic structures 18, 91, while the rocksalt structure is a high-
pressure metastable phase forming at —10 GPa and cannot be epitaxially stabilized [10]. 
Theoretical calculations indicate that a fourth phase, cubic cesium chloride, may be 
possible at extremely high temperatures, however, this phase has yet to be experimentally 
observed [11]. 
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1.1.3.2 ZnO Chemical Binding 
ZnO is a semiconducting compound of 30Zn and 80. Zinc has five stable isotopes; 
the prevalent ones are Zn (48.89%), 66Zn (27.81%), and 6gZn (18.57%), while oxygen 
almost purely consists of the isotope 160 (99.76%) [12]. Zinc has the electronic 
configuration l s2, 2s22p6, 3s23p6, 3d10, 4s2; the oxygen configuration is l s2 2s22p4. The 
ZnO binding in its crystal lattice involves a spa hybridization of the electron states, 
leading to four equivalent orbital, directed in tetrahedral geometry. In the resulting 
semiconducting crystal, the bonding spa states constitute the valence band, while the 
conduction band originates from its antibonding counterpart. The cohesive energy per 
bond is as high as 7.52 eV 113, 14], which also leads to a very high thermal stability, the 
melting temperature Tm = 1970 °C 114]. Aside from causing the inherent polarity in the 
ZnO crystal, the tetrahedral coordination of this compound is also a common indicator of 
spa covalent bonding. However, the Zn-0 bond also possesses very strong ionic 
character, and thus ZnO lies on the borderline between being classed as a covalent and 
ionic compound, with an iconicity of f1=0.616 on the Phillips iconicity scale [15]. 
1.1.3.3 Polarity of ZnO 
The chemical, physical and biological characterization of any material is strongly 
related to its structure. The polarity of ZnO affects in many properties, like electrical, 
optical, magnetization properties and so on. Here, in brief the polarity of ZnO structure 
has been mentioned. The four most common faces terminations of wurtzite ZnO are the 
polar Zn terminated (0001) and 0 terminated (0001) faces (c-axis oriented), and the non- 
polar (1126) (a-axis) and (1010) faces both of which contain an equal number of Zn and 
0 atoms. The polar faces are known to posses different chemical and physical properties, 
and the 0-terminated face possesses a slightly different electronic structure to the other 
three faces [1]. Additionally, the polar surfaces and the (1010) surface are found to be 
stable; however the (1120) face is less stable and generally has a higher level of surface 
roughness than its counterparts. 
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Fig. 1.3: ZnO polarity direction [0001] on c-axis and the index of other faces 
The (0001) plane is also basal. Furthermore, the sequence of positively charged 
Zn2+ and negatively charged 02- ions in planes perpendicular to the c-axis implies two 
faces of opposite polarity for a c-cut ZnO crystal: the Zn-terminated (0001) face on one 
side and the 0-terminated (0001) face on the other. In contrast, a non-polar character 
occurs for faces with equal numbers of Zn and 0 ions e.g. the (1120) plane 
(perpendicular to the a-axis) and the (1010) plane. The opposite polarity of the (0001) 
and the (0001) face is reflected e.g. in different etching behavior, defect characteristics 
and epitaxial growth properties [1]. Further consequences of the bond polarity are (1) a 
strong infrared activity of some of the ZnO lattice vibration modes, and (2) a pronounced 
piezoelectricity. The latter is caused by the bond polarity together with the non- 
Chapterl 	 Introduction 	 Page 8 
Ph.D Thesis 	 Rezq Naji Aljawfi 
centrosymmetric crystal structure [1]. The polarity is responsible for a number of the 
properties of ZnO i.e. piezoelectricity and spontaneous polarization, and is also a key 
factor in crystal growth, etching and defect generation. Fig. 1.3 shows the c-axis as the 
polar direction [0001], and the other plan index of ZnO hexagonal structure. 
1.1.4 ZnO based DMS 
Presently, there is a great interest in the development of dilute magnetic 
semiconductor (DMS) materials, which can be used for spintonic devices and other 
applications like, light-emitting diodes, sensors, transistors etc. [16]. The DMS materials 
are formed by substituting some of the cations of diamagnetic semiconductors by 
magnetic ions of transition metal (TM) ions, such as Mn, Co, Fe and Cr or rare earth ions. 
Fig. 1.4 shows the distribution of TM ions through the ions of semiconductor. The 
magnetization of DMS should be intrinsic ferromagnetic at or above room temperature. 
The magnetic behavior of such materials depends upon the concentration of the TM ions 
in the crystal, the carrier density and the crystal quality. In the resent year, ZnO based 
DMS have much attention because of its unique properties i.e. ZnO have 2+ valances that 
:nable the TM to substitute the position of Zn in the ZnO lattice, that substitutions and 
;olubility are easer in ZnO semiconductors with the comparison to semiconductors of III-
V, so ZnO is considered as a good candidate for DMS materials. ZnO based DMS was 
nitially predicted theoretically by Dietl et al. [17], this theoretical predictions was based 
rn the Zener mean-field model, and assumes room temperature ferromagnetic in ZnO 
ontaining 5% of Mn with a high hole concentration (3.5x 1020  cm 3), which mediate the 
,change interactions between the localized Mn spins. Despite, a large number of 
vestigations on magnetization of TM doped ZnO and almost thirty years of research in 
agnetism of DMS, there is still doubt about the source of FM in DMS system. These 
vestigations have provided a good approach for understanding the FM behavior of 
MS materials but not completed. Some report studied the DMS properties; electrical, 
3tical, structure and magnetic characterization; experimental or theory. Other studied 
terest in the DMS materials applications for spintronics devices, GMR, magnetic tunnel 
nction (MTJ), magneto-optic semiconductors, sensors, volatile RAM, etc. 
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Fig. 1.4: Schematic representation of a non-magnetic semiconductor (left), with 
magnetic elements (TM) and a diluted magnetic semiconductor (right) 
The dopant—dopant interactions can couple the dopant spins Ieading to a 
ferromagnetic ground state in a DMS. These include super exchange, which occurs 
principally in oxides and only between dopants with one of intervening oxygen, and 
double exchange, in which dopants of different formal charges exchange an electron. In 
both of these mechanisms, the ferromagnetic alignment is not critically dependent on free 
carriers in the host semiconductor because exchange occurs via bonds [18]. Many models 
talk about the FM mechanism, all these models assume an interaction between TM ions, 
but recently pure ZnO nanoparticles without TM exhibits FM in many reports [19] that 
turns the attention to the importance of size of NPs, shape and like Zn intensities, and 0 
vacancy, organic defect at the surface of nanoparticles, which play a critical role for 
arising the FM. The size of nanoparticles and the distribution of TM atoms on the surface 
of nanoparticles should be taken in the account for depth understanding the DMS 
magnetism; aspect for study the ZnO magnetization is the size of nanoparticles. When the 
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size of the particle in nano-scale or the size is less than a characteristic length such as the 
mean free path, it is possible to see different physical or chemical characteristics than 
those exhibited by their larger counterparts. Electrical resistivity, reactivity, melting 
temperature and optical absorption have all been found to change drastically when the 
size of the particle approaches to the nanometer scale. 
1.2 Theoretical Models for Explaining the origin of Ferromagnetism in 
DMS 
There are many theoretical models available for explaining the origin of 
ferromagnetic properties of diluted magnetic semiconductor. Here, selected models are 
discussed, which give good approach for understanding the nature and the origin of FM 
in DMS. 
1.2.1 RKKY Exchange model 
The RKKY exchange model has been developed over a long period of time. In 
1954, Ruderman and Kittel [20- 21] describe the coupling of nuclear spins to s-election 
spins by a contact interaction. According to this model, if an impurity is placed in an 
electron gas, the electrons would be redistributed (influence the wave function of the 
electrons as what happen when we drop small stone in the water lake) to neutralize the 
impurity charge. The electron gas effectively forms a Fourier series of charge oscillations 
that sum to cancel the impurity charge. However, the electron gas has Fermi energy 
(h2k212m), which places a lower limit on the wavelength of the oscillations that can be 
called on to cancel the impurity charge [22]. After that, in (1963) Kasuya [23] and Yosida 
[24] (In honor of the above scientists this model is named RKKY exchange interactions) 
used similar concepts to treat the coupling of localized moment of transition metals (TM) 
electron in 3d state with the electrons in conduction band. These studies showed that, the 
spin polarization of the conduction electrons oscillates in sign as a function of distance 
from the localized moment of TM electron and the spin effectiveness was carried over 
relatively large distances. RKKY exchange interaction can be used to explain the 
magnetic properties of metal oxide, as well as the magnetic properties of DMS. In case of 
DMS we assume that the TM distributed randomly inside the host semiconductors like 
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ZnO, and the magnetization of transition metal is due to the unpaired electron in the 
highly localized state 3d° near the Fermi surface. The ions interact with each other and 
the free carrier electrons mediate that interaction. So, the concentration of carrier electron 
should be high as necessary condition in this model. The spin of localized electron will 
influence the electrons in the conduction band and change their spin polarization and then 
the polarized conduction electrons will communicate the spin information to other sites of 
localized electron, because their wave functions are extended [25]. Jalbout et al. [26] 
Studied Co-doped ZnO using Monte Carlo simulations based on a three-dimensional 
RKKY model. The interaction of localized electron with the carrier charge is given by 
Heir CXs(2kF R)G(R) 	 (1.1) 
Where C is a positive constant independent of R, F (2kFR) is the oscillating function, kr is 
the wave vector at the Fermi surface, and G(R) is a distribution function of the average 
number of Coe  ions that can be found in a three-dimensional material with the relative 
distance R from the central Coe}  ion. Ferromagnetism is favoured when the above 
function is negative; otherwise the system will be non-ferromagnetic. This requires that 
2kfRnearest  <4.5,  where R is the average distance of nearest neighbouring magnetic atoms. 
The simulation results showed that ferromagnetism is favoured in Zno.85Co0.15O and 
Zn0.75Co0.25O, with carrier concentration of 2.9x 1020 cm 3 and 1.2x10'8 cm 3, 
respectively. 
1.2.2 Blomhergen Rowland (BR) Model 
The BR mechanism is a process where the spins of neighbor's two ions are 
correlated due to the spin-dependent kinetic exchange interaction between each of the 
two ions, or the kinetic exchange between two electrons located at different sites, where 
one electron able to visit the state of other and interact with each other, the transferred 
electron may give its spin to the other. The p-d kinetic exchange couples the spins of 
carriers occupying anion p-like bands with the spins of electrons residing in open d shells 
of magnetic cations [16, 27], this quantum hopping or hybridization of states, enlarges the 
localization radius and, hence, lowers the electron kinetic energy. The kinetic exchange 
leads usually, but not always, to an antiferromagnetic interaction between the spin [27]. 
The BR process differs from the super exchange (SE) mechanism only by the specifics of 
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the intermediate states and also allows for virtual transitions to the empty conduction 
band. Naturally, this mechanism is less likely than the SE mechanism, particularly, in 
large band gap semiconductors, as the path is more complex [27, 281. 
1.2.3 Super exchange (SE) model , 
The -magnetization in :super exchange • mechanism is due to exchange interact ion 
between the spin of magnetic ions, the direct exchange interaction is mostly 
antiferromagnetic while the indirect exchange by intermediate nonmagnetic atom like 
oxygen (p state) is mostly ferromagnetic. SE is the first type of indirect exchange, which 
is due to the extent of the normally very short-range exchange interaction to a longer 
range [27]. The SE in the beginning explained by Kramers in 1934 [29] and the theory 
developed by Anderson in 1950 [30]. The SE is of importance in ionic solids such as the 
transition metal oxides, where the electron hybridizations are formed by the 3d electrons 
in the magnetic ions of transition metal and the electrons in 2p valence state of 
diamagnetic oxygen atoms, which play as intermediate to transfer the electron from one 
atom of magnetic ion to other to create unpaired electron in these atoms which is 
responsible on the product of the magnetization as shown in Fig. 1.5. In order to simplify 
the SE mechanism and the spin coupling, we assume that the metal atoms are magnetic 
and hence have at least one unpaired electron in 3d shell and that the oxygen atoms have 
a tendency to attract two electrons (to be full-filled band). In the simplest such case, there 
are four electrons involved in [311 the bonding between the oxygen and the tow metal 
atoms. The bonding involves symmetry adapted metal 3d and oxygen 2p orbital as shown 
in Fig. 1.5 for bonding along the x direction of a coordinate system. The bonding orbitals 
are pictured as usual by means of the 2p and 3d orbital charge densities (wavefunctions 
squared), where yellow (Minus) and dark blue (plus) colors indicate the sign of the wave 
functions. Bonding requires overlap of wave functions of the same sign. It is possible to 
Iocate and orient the four spin polarized (spin up, spin down) electrons in different ways 
on the three atoms. 
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Fig. 1.5: Illustration of the superexchange interaction in a magnetic oxide. The 
metal atoms are assumed to have a single unpaired electron and there are a total of four 
electrons involved in bonding. The bonding involves symmetry adapted metal 3d and 
oxygen 2p orbitals. In (a) we show the spin configurations for an antiferromagnetic 
(AFM) ground state and in (b) for a ferromagnetic (FM ground state. For the AFM 
ground state the excited state (c) is the lowest energy excited slate, as discussed in the 
text. For the FM ground state (d) no comparable low energy excited state (f) exists 
because it is forbidden by the Pauli principle and spin flips are not allowed. [ref: 311 
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The kinetic exchange energy will be minimized if we distribute the four electrons across 
the whole molecule with adjacent electrons being antiparallel. The SE interaction 
therefore leads to antiferromagnetic coupling of the metal atoms with the oxygen atom 
remaining nonmagnetic. The size of the superexchange depends on the magnitude of the 
magnetic moments on the metal atoms, the metal—oxygen (M-0) orbital overlap and the 
M-0—M bond angle [32]. In general, SE interaction exists between magnetic moment of 
two magnetic ions which have same electrons in the d shell, the spin of these atoms 
would be intermediated by electron ofp state of oxygen, the transfer of electron from one 
atom to another through 0 would create unpaired electron in the d orbital of transition 
metal, which is responsible in the magnetic properties. In case of double exchange the 
transfer of electron will be between two magnetic ions which have different electrons in 
the last state like Mn3  and Mn4+. 
1.2.4 Double Exchange (DE) interaction model 
The double exchange interaction is proposed by Zener [32], and is based on 
coupling the magnetic ions in different charge states by virtual hopping of the extra 
electron from one ion to other via the p-orbital of neighboring anions, this mechanism is 
driven by partially unoccupied state like a Mnz# Mn3*  (or d.—d) pair of ions. The Zener 
double exchange interaction cannot be the mechanism Ieading to ferromagnetic 
correlation between the distant Mn spins, because the magnetic electrons remain 
localized at the magnetic ions and do not contribute to the charge transport. In this vein, 
Matsukura et at. [33] suggested that the DE and SE cannot be correlated to the free 
electron or holes because the exchange exists between bonds. The same processes apply 
to Cr'+--Cr2+magnetic ion pairs. The coexistence of Mn2+and Mn3 ' ions leading to double 
exchange has been suggested for Mn-doped ZnO [31]. In DMS materials, the 3d level of 
TM ions are split by the crystal field into lower energy doublet Cg and higher energy 
triplet tag levels. The spin-up (r) and spin-down (J,) states are also split by the exchange 
splitting. In Co-doped ZnO, the spin-up Co 3d-states are lower in energy than the spin 
downstate and strongly hybridized with the oxygen 2p states [34]. And the spin- down 
states of Co ions is close to the conduction band of ZnO. If neighboring Co ions have 
parallel alignment of their magnetic moments, the electron in the partially field 3d-orbital 
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of Co ion are allowed to hop from one ion to other and stabilized the ferromagnetic state 
(Fig. 1.6). 
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Fig. 1.6: Ferromagnetic coupling of nearby Coe} (31) ions via double exchange 
interaction 
1.2.5 Dietl's Mean-Field Theory 
The magnetic properties of DMS materials get much attention specially TM 
doped ZnO nanoparticles. Many reports exist on the magnetic properties of DMS because 
this material can be used for spintronics devices, the first and one of the important works 
was done by Dietl et al, [17], Diet! and co-workers used a mean-field model of 
ferromagnetism, which was initially described by Zener. Zener's original model proposed 
that ferromagnetism is driven by the exchange interaction between carriers and localized 
moments this model is equivalent to the RKKY model. Zener's early model was 
neglected because it was found unsuitable to describe the magnetism of transition metals 
[17]. However, it could be used to accurately predict the ferromagnetic Curie 
temperatures of GaMnAs and ZnMnTe [17]. The model supposes that the 
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ferromagnetism in DMS originates from the exchange interactions between localized 
spins of TM (rare earth) doped into the semiconductor matrix and are mediated by charge 
carriers. The magnetic ions of TM are substituted at the position of semiconductors like 
ZnO in random way. Specifically, the doped Mn ions reside on group II or III sites and 
provide the localized spins. The spin of localized electron would affect and change the 
spin polarization of charge carrier electron in conduction band, the spin polarization of 
the free electrons will induce the next localized spin consequences, or the effect may be 
envisaged as a feedback between the magnetic spins and the carriers by a spin -spin 
process; the localized magnetic spin induces carrier polarization which then induces 
magnetic polarization and so on (Fig. 1.7) [35, 36]. The model suggests that high values 
of Tc are obtainable in p-type material, while the Tc of n-type material should be 
constrained to lower temperatures. This can be attributed to both the large p—d exchange 
integral (NO) and density of states of the valence band, while the conduction band's s—d 
exchange (Noa) and density of states are significantly smaller [37, 38]. 
$y 
Fig. 1.7: Schematic representation of magnetic exchange between two Mn ions mediated 
via a delocalized hole. Adapted from (Ref. [351). 
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Note that in the case of III-V semiconductors, Mn also acts as an acceptor dopant 
whereas it substitutes covalently in the II-VI semiconductors. Dietl's calculations are 
summarized in Fig. 1. 8 as a function of the semiconductor band-gap (based on a Mn 
concentration of 5% and a holes concentration of 3.5 xIO2° cm 3) of particular relevance 
are the predicted Curie temperatures in excess of room temperature for GaN and ZnO. 
Diet's theory has been proven useful in understanding the experimental results for 
GaMnAs. However, it does not appear to be consistent with the experimental results of 
transition metal doped wide band-gap semiconductors, such as the predictions for GaN 
and ZnO. This stems from several reasons, including the difficulty in experimentally 
preparing p-type ZnO material and the many observations of ferromagnetism in n-type 
ZnO DMS. Nevertheless, Dietl's original theory has led to multiple experimental and 
computational studies of transition metal doping in ZnO. 
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Fig. 1.8: Predicted Curie temperatures based on Diet! 's calculations for 3% Mn and 
holes concentration of 3.5 x 1020 ca r3 (Ref. [39]). 
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1.2.6 Ferromagnetism in a Spin-Split Conduction Band 
Coey et al. have proposed another model for ferromagnetism in DMS materials 
based on a spin-split donor impurity band [40]. The model is consistent with the observed 
magnetization for n-type transition metal doped ZnO. In this model, donor defects (which 
could arise from either oxygen vacancies or zinc interstitials in the case of ZnO) overlap 
at large concentrations to form an impurity band. The impurity band can interact with 
Iocal magnetic moments through the formation of bound magnetic polarons. Within each 
BMP the bound carrier interacts with the magnetic dopants inside its radius aligning the 
spins of the magnetic dopants parallel to one another. Ferromagnetism is achieved when 
the BMPs overlap to form a continuous chain throughout the material, thus percolating 
ferromagnetism in the DMS. However, Coey showed that in this model, to achieve a high 
Tc, a fraction of the polaronic charge must delocalize (or hybridize) onto each magnetic 
dopant. In a band scheme, this occurs when the impurity band overlaps with unoccupied 
d levels of the magnetic dopant. It was shown that for Sc, Ti, and V, the spin-up states of 
the 3d TM are aligned with the impurity levels, resulting in significant alignment. 
Similarly for Fe, Co, and Ni doping, the spin-down states perform the same function. 
Interestingly,Mn and Cr doping would not lead to strong magnetization due to small 
hybridization. Within the framework of Coey's model, Kittilstved et al. have performed 
detailed spectroscopic experiments on cobalt-doped ZnO [38, 41J. Their results show that 
the singly ionized Co state lies close to the conduction band, similar in energy to a 
shallow donor state. Since the energies are similar, charge transfer can occur between the 
cobalt atoms and the donor impurities, thus leading to the hybridization necessary for 
ferromagnetism. Kittilstved et al. have also shown that, this leads to an inherent polarity 
difference for ferromagnetism in cobalt and manganese-doped ZnO. Whereas 
ferromagnetism in cobalt-doped ZnO is closely tied to the presence of shallow donors, 
manganese-doped ZnO is closely tied to the presence of shallow acceptors. The 
difference lies in the location of the singly ionized Mn+3 states, which sits close to the 
valence band in ZnO. 
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0 vacancy 4w+ 
Co + (3d7 ) 	Co + (3J) 
Fig. 1.9: Ferromagnetic due to spin- spin interaction mediated through 0 vacancy 
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1.3 Size dependent magnetic properties 
Nanoparticles (particles with a radius less than 100 nm) are currently the focus of 
much technological interest. The nanometer length scale is comparable to an electron's 
mean free path. When the size of the particle is less than a characteristic length such as 
the mean free path, it is possible to see different physical or chemical characteristics than 
those exhibited by their larger counterparts. Electrical resistivity, magnetic properties, 
melting temperature and optical absorption have all been found to change drastically 
when the size of the particle approaches to the nanometer scale 1421. With this in mind, 
one can immediately deduce that magnetic properties will be affected by particle size, 
especially when particle size is of the same scale as the magnetic domains of the material. 
At the nanometer scale, magnetic particles have been found to behave differently from 
that of bulk magnetic materials. As particle size decreases, remanent magnetization and 
saturation magnetization increases. This implies that scaling particles down to the 
nanometer scale can greatly improve the quality of magnets fabricated from them [42]. 
When the size of single domain particles decreases below a critical diameter, a new type 
of magnetism is achieved, called superparamagnetism. When this occurs, the coercivity 
and remanent magnetization go to zero. For superparamagnetic particles, the net 
magnetic moment in zero fields at T> 0 K will average to zero. In an applied field, there 
will be a net statistical alignment of magnetic moments. This is analogous to 
paramagnetism, except now the magnetic moment is not that of a single atom, but of a 
single domain particle containing 105 atoms. Hence, the term superparamagnetism, which 
denotes a much higher susceptibility value than that for paramagnetism [43]. 
Superparamagnetism can improve the efficiency of systems that are subjected to rapidly 
alternating ac magnetic fields like transformers and rotating electrical machinery. In a 
traditional magnet, exposed to an ac magnetic field, the magnetic field cycles through its 
hysteresis loop often causing a loss of efficiency and a rise in temperature. This rise in 
temperature is due to the frictional heating that occurs when magnetic domains are 
varying their orientation. The amount of energy loss in each cycle is proportional to the 
area enclosed by the loop, so a small or non-existent coercively is desirable [42]. 
Furthermore, the scientific literature has been replete with reports of magnetic 
nanoparticle synthesis, properties and novel applications [44, 45]. This has largely been 
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driven by the hope, and in some instances realization, of surface enhanced properties. By 
producing materials on the nanoscale, there exists the possibility that surface based 
properties (e.g. catalysis and reactivity), magnetism, and electronic properties may be 
enhanced. In most nano-particulate materials, and specifically in the case of metal 
oxides, there are several properties can be influenced by the particle size. In nanoparticle 
systems the surface disorder can influence the lattice symmetry and cell parameters 
throughout the particle due to the limitation in the size of the particle itself [461. A spin 
on the surface of a sample or particle has a nearest neighbor on one side of it, but not the 
other. Therefore the exchange energy at the surface cannot be the same as in the bulk. In 
macroscopic samples, the role of the surface spins is diffrence compared to the bulk 
behavior. However, as the surface-area-to-volume ratio increases for nanoparticles, a 
larger percentage of the spins reside on the surface, contributing a larger amount to the 
overall magnetic response. The result is a larger coercively as a larger field is needed to 
reverse the surface spins, which in a nanoparticle point radially outwards instead of 
aligning with the interior spins 1471. While surface spins have missing nearest neighbors, 
spins at the interface of two materials also have environments that are different from the 
bulk. This interface anisotropy becomes more important as thin film nanostructures and 
nanocomposites become more prevalent in device applications. 
1.4 Previous Study 
Large number of investigations on the DMS materials have been reported, all the 
semiconductor compounds (III-V or 1I-VI) in Table 1 and Table 2 in previous section can 
be used as host semiconductors in DMS with some transition metal elements (3d) like 
Co, Mn, Ni, Cr, Fe, Al, Cu, or rare earth elements, in some reports, Co-doped i.e. two 
elements simultaneously have been used. The dopant percentage is not more than 25 % to 
form the DMS system. The DMS materials are very sensitive to the synthesis method and 
the prepairing conditions like temperature, pressure, time, quantity, and the content 
elements. Here, we are going to show shortly some of previous study on Co doped ZnO; 
Cobalt has been widely studied as TM dopant for use in ZnO based DMS, because of its 
high solubility in ZnO and high theoretical saturated magnetic moment (Ms) (1.7 µal Co). 
The earliest report of ferromagnetism in ZnCoO was made by K. Ueda et al. in 2001 
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[48]. Ueda reported an Ms of 1.8 pWWCo and a Tc above 300 K in Zno.95Coo.o5O, which is 
0.1 µB /Co above the calculated value for Coe{ in a high spin state [48]. Ueda found that 
ferromagnetism was only observed when the samples were doped n-type contrary to 
Dietl's prediction, which required p-type carriers. Subsequently, high-temperature 
ferromagnetism was found in ZnCoO by a number of other groups with varying magnetic 
moments [49]. This, of course, produced a great deal of skepticism over the intrinsic 
nature of the observed ferromagnetism in ZnCoO. In the metallic phase cobalt has a high 
magnetic moment. Therefore, magnetic clusters in concentrations below the detection 
sensitivity of x-ray diffraction may be detectable using extremely sensitive magnetic 
detectors like a superconducting quantum interference device magnetometer. A number 
of works claiming intrinsic ferromagnetism have shown no evidence of clustering or 
secondary phases through detailed microstructure, spectroscopy, and magnetic 
characterization. Through absorption spectroscopy and high-resolution transmission 
electron microscopy (TEM), S. Ramachandran et al. showed that cobalt was successfully 
substituted for zinc in the tetrahedral sites of the wurtzite crystal structure [50]. 
Additionally it was identified that divalent cobalt was in the high spin state and, 
therefore, possesses one unpaired d electron. Other reports found room-temperature 
ferromagnetism in single-phase epitaxial ZnCoO [51]. One convincing report of intrinsic 
ferromagnetism came from M. Venkatesan el al [52], who studied magnetic anisotropy in 
Zno.9sCoo.osO films. The moments were found to be quite anisotropic with a variation of 
0.8 jig/Co to 2.6 pD fCo as the samples were rotated between the (0001) and (1102) 
planes of ZnO. If ferromagnetism was due to cobalt metal clusters magnetic anisotropy 
would not he expected, since the clusters would be randomly oriented with-in the sample. 
N-type doping in ZnCoO has recently been a hot topic of research to study the role of 
charge carriers and vary the conductivity of the material. Typically cobalt doping in ZnO 
leads to a decrease in conductivity as Coe+ is not an electron donor, but acts as a 
scattering center that disrupts electron mobility. Therefore, n-type doping may be used to 
control the conductivity, which is of great interest if DMS are to be used as spin injectors 
and detectors. Even though the theory explaining ferromagnetism in ZnO DMS is far 
from complete, it is well accepted that long-range ferromagnetic ordering is mediated by 
charge carriers. In a recent paper by A.J. Behan et at [531. Aluminum doping in ZnCoO 
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was used to vary the electron carrier concentration (ne) from 1021 cm 3 (metallic) to 1016 
cm 3 (insulating). It was found that magnetization existed in two regions, metallic (n'. > 
1020 cm 5) and insulating (n < 1018 cm 3), but vanished in the intermediate region. 
These findings obviously show the importance of charge carriers in long-range 
ferromagnetic ordering. Although ZnCoO has a quite large Ms and high temperature Tc, 
the possible formation of ferromagnetic cobalt clusters raises questions over its origin 
[54]. In recent year, some reports confirmed the present of FM properties in ZnO 
nanoparticles, even without transition metal dopants, which discussed in next chapters 
[54]. 
1.5 Motivation and aim of thesis 
As discussed above in previous sections, it is evident that the diluted magnetic 
semiconductors not only offer ample physics to analyze but also tenders remarkable 
applications for spintronic devices which can be controlled through the electron using its 
charge as well as by its spin or magnetization. The electric and magnetic properties of 
ZnO semiconductor are correlated to the structure of ZnO. So, the structural and general 
properties of ZnO have been presented. Number of models which are used to describe the 
origin of ferromagnetism in ZnO has been discussed. The materials have been 
synthesized through wet chemical routes; all details of synthesis and characterization 
instruments are in chapter 2. The structural optical electrical and magnetic properties of 
pure ZnO and Co doped ZnO nanoparticles have been studied in chapter 3. Surface defect 
mediated the magnetic interaction and the ferromagnetic of Cr/Co doped ZnO have been 
studied in Chapter 4. Properties of Ni, Co doped ZnO studied is presented in chapter 5. 
Chapter 6 is devoted for the effect of annealing temperature on the structural and 
magnetic properties ofundoped ZnO nanoparticles. The DMS materials are soft magnetic 
material so their ferromagnetism is weak, observed in all studied materials even in case 
of pure ZnO. The conclusions of the thesis are presented in chapter 7. The thesis 
contributes to further understanding and knowledge of the DMS materials. 
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Chapter 2 
EXPERIMENTAL 
CHARACTERIZATION 
In this chapter, a brief description about the material'\ 
processing techniques .and their characterization is presented. The 
nano-composite mates a&. have 6een synthesized through wet 
chemical method anI the cliai'a cterization have been done using 
fo(Cowing techniques, namely XR), S41, '7E M, Raman 
-spectroscopy, XcS, ` I R,and'SQ J D. 
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2.1 Synthesis 
Term 'nanoparticle' describes the size of particles in nano-scale in the range of l to 
100 rim, at least in one of the three possible dimensions. With decreasing size of particles 
the surface to volume ratio increases and the most significant consequences of the nanoscale 
are the presence of a high fraction of atoms, molecules and defects constituting the 
nanoparticle on the particle's surface rather than in the particle interior [1, 21. The surface 
becomes unstable especially when the size of nanopartecles is less than 10 rim, the physical, 
chemical and biological properties of the nanoparticle change comparison to that of the bulk 
material. Nanoparticles can be made of materials of diverse chemical nature, such as metal 
oxides, non-oxide ceramics, polymers, silicates, organics, and carbon. Nanoparticles take 
different morphologies and shapes like spheres, cylinders, platelets, tubes etc, which depend 
on synthesis methods, chemical precursor material, temperature, pressure, and annealing 
time. All these parameters contribute to form size and shape of nanopartecles [2]. Different 
chemical processes are currently in vogue for the synthesis of nanoparticles include co-
precipitation [3, 41, combustion method [S], sol-gel method [6, 71, spray pyrolysis [81, 
micro-emulsion technique [9] and solid state reaction method followed by mechanical 
milling 110-16]. In thischapter some of these methods are described. Among all these 
methods, sol-gel process allows good control over the size of the material particles, which in 
turn decides their structural and transport properties (electrical and magnetic). The 
advantage of this method includes processing at low temperature, mixing at the molecular 
level and fabrication of novel materials. In the present thesis work, sol-gel method have 
been used to prepare the nanoparticles of pure ZnO and doped with transition metal 
elements in order to achieve dilute magnetic semiconductors (DMS) system. 
2.1.1 Sol-Gel method 
In general, the sol-gel process is based on transition of a system from liquid phase 
(solution) into a gelatinous network phase. This technique has been in practice since 1930. 
In-situ investigations of sol-gel synthesis process have been already reported [17]. The sol-
gel method was reviewed by Hench and West in 1990 [18], and also by Brinker and Scherer 
[19]. The starting materials are an inorganic salt or organic, such as acetates, chlorides, and 
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nitrates, which dissolve in distilled water to form a hydrolysis for an integrated network of 
discrete particles. The typical precursors are metal salts, which undergo various forms of 
hydrolysis and condensation reactions that may form metal oxide networks containing both 
liquid and solid phases. In further steps, products at the right stoichiometry are precipitated 
or dried and the final crystallization and morphology is achieved by calcinations at high 
temperatures. 
Here, the mechanism of sol-gel method is shown. Simply, the distilled water as a solvent in 
this route consist of 0 and H atoms; the H atoms tend to bound with the high electronegative 
atoms of 0 and occupy two position of the lower potential energy to form a water molecule, 
which bounds with other molecules or atoms easly, the notatation shows bond of H and 0 
to form the water as: 
~r 
H 
~ 0 
0 
NH 
where S is the partial charge, which bonds between H and O. 
The metals have positive partial charge or the oxidation state of metals is positive M!, like 
Znn2, Cr+3 etc. So, a metal tends to interact with OH- (hydroxide). The metal in nitrate form 
[MNO3. H20] dissolves easily in distilled water and is bonded with water molecules 
according to this notation: 
H 
	Z+ 
H 
	H 
In sol-gel prosses, a few quantity of an organic material like citric acid, urea, or ethyl 
alcohol are added to solution phase as catalysts. Because it can make a network of bonding 
easily, for example [*CH3] or [**C2H6] are an organic molecules where the C is bonded 
with three hydrogen ions, but C have four equivalent valance electrons, therefore, one 
electron (*) is unbonded and it is ready to bond with positive charge like H or metal ions in a 
solvent. When metallic salts are dissolved as a precursors; the transition metal cation, 
charge transfer occurs from the field bonding orbital of the water molecule to the empty d 
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orbital of the transition metal 120-211 making a partial charge on Hydrogen to increase that 
leads to make water more acidic. Generally the solution in sol- gel or the hydrolysis can be 
defined as: 
[M (OH2)] 	[M-OHS (-`)+ +Ei -, [M OJ(7-)++ 21{F 
or MOR + H2O —► MOH +RO}1 (hydrolysis) 
and the condensation state can be defined as: 
M-OH+M-OH—*M-OH-M+OHM-O-M-H2O 
or MOH+ROM—'M-O-M+ROH (condensation) 
In this equation three type of ligands are present in non-complex aqueous media: 
M-(0H2) 	M-OH 	 M=O 
Aquo 	 Hydroxo 	 oxo 
In an aqueous soI-gel system, four-coordinated tetraethoxy (M(OEt)4) is a widely 
used metallic precursor. Partial charge (S) on metals of the (M(OEt)4) is high, +1132 for Si, 
+0.63 for Ti, and +0.74 for Zr, which causes a rapid rate of hydrolysis. To prevent such an 
undesirable situation, one or more hydroxylic legends could be allowed to bind with a metal 
core. When a transitional metal of charge Z+ is dispersed in an aqueous solution, water 
molecules can coordinate with metal core by transferring electron from their binding orbitals 
to empty by forming [M(OH2)1Jz+ ions, where h is the coordination number of metallic 
cation, pH-dependence hydrolysis will take place to yield [M~]{Z"2 , then the rate of 
reaction and growth direction depends on pH, solutions, quantity of water, defects, 
temperature and pressure 1221. Followings are the sol-gel processing steps: 
2.1.1.1 Mixing of Nitrates 
Analytical reagent (AR) grade chemicals of Zn (NO3)2.6H20 material to form ZnO 
as the host semiconductors and the transition material dopant in nitrate form, where all 
materials were mixed together in their stoichiometric ratios and dissolved in di-ionized 
water along with addition of few drops of ethyl alcohol and/or citric acid as catalyst argent 
to form the solution (Sol). 
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2.1.1.2 Gel Formation 
The transparent solution was allowed for gel formation on the magnetic stirrer at 
75 °C with constant stirring until gelelation starts. The solution becomes viscous and the 
transparency of the solution is lost to from the (Gel). 
2.1.1.3 Drying of the Gel 
The formed gel was dried at 120 °C for 12 h to evaporate remaining water followed 
by grinding for 30 minutes to get amorphous powder. In order to remove the remaining 
organic material, the powders were annealed in digital furnace at 400- 500 °C, for 12 h. 
Finally, the samples are grinded for half hour to get crystalline powders, which can be 
examined by XRD or any other technique. The size of NPs depend on the final annealing 
temperature, where the temperature enhance the diffusion rate between the nanoparticles. 
2.1.1.4 Pelletization 
The characterization measurements can be done with a material in powder form or 
may be pressed as pellets. The pellets can be made by using dye-press technique in which a 
die of proper shape filled with calcinated powder is pressed using hydraulic pressure of 7 
tons. In our case, pelletization was carried out using a circular shaped dye of 13 mm 
diameter. The thickness of the pellets were maintained —2 to 3 mm. Silver coating was done 
on opposite faces of the pellet to make electrodes for any electrical transport measurements. 
2.1.2 Co-precipitation methods 
In co-precipitation method the starting materials should be in nitrates, acetate or 
carbonates form, more intimate mixture of starting materials can be made by the 
coprecipitation of solids. A stoichiometric mixture of soluble salts of metal ions is dissolved 
and then precipitated as hydroxides, citrates, oxalates, or formates. This mixture is filtered, 
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Sol-Gel Method 
AR GRADE MATERIALS IN STOICHIOMETRIC RATIOS AMOUNTS 
Co (NO3)2 
Zn (NO3)2 
Ni (NO3)2 
Addition of Deionized water 
Addition of Ethyl Alcohol 
Constant Stirring on Magnetic Stirrer at 75 °C till Gel Formation 
Dried at 100 °C 
Final Heating at 400 °C 
Thoroughly Grinded for 20 minutes 
Final Product Formed of oxide-nanoparticles 
(Znl-xCo,,NiyO) 
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dried, and then heated to get final product 1231. In brief, in this method, the solution of 
precursor would precipitate by adding hydroxide compound such as KOH or NaOH, the 
precipitate solid will be separated by centrifuge and cleaning several times by distilled water 
and ethanol to remove an inorganic and organic remaining in the solution, after that it is 
dried in a furnace at suitable temperature. 
2.1.3 Hydrothermal method 
In hydrothermal process, the precurser of the mixed materials solution with NaOH is 
transferred into autoclave stainless steel with Teflon flask. The materials inside autoclave is 
subjected to temperature as well as pressure to form the nucleus ofnanoparticles in different 
morphology that depend on the type of elation material, or hydroxides. By this method, one 
can get nanoparticles, nanorods, nanoflowers, nanosheets, etc. [23]. Fig. 2.2 shows the 
stainless steel container autoclave, with Teflon flask. 
2.1.4 Microwave-assisted synthesis method 
In this method, the microwave oven is used as associated methods in sol-gel process. 
The solution of nitrate material is mixed together with NaOH by using magnetic stirrer, 
then, the solution (precursor) is transferred into microwave oven in flask 500 ml. The 
solution is subjected to a microwave radiation for 10 minutes at desired temperature or 
power levels. The solution is cooled and cleaned by ethanol and by distilled water, using 
centrifuge several times, and then finally dried (gel) in furnace at low temperature to get a 
powder of nanoparticles. In this method, the shape of nanoparticles is affected by the power 
level of microwave oven which can be adjusted as desired [20-25] . 
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Fig. 2.2: stainless steel container autoclave, with Teflonflask 
2.2 Characterizations 
2.2.1 X-ray diffraction (X D) 
The German physicist, Wilhelm Röntgen discovered the X-ray radiations in 1895, 
for which he was awarded the first Nobel Prize in Physics in 1901. Few years later, in 1912 
anther German physicist, Max van Laue was the first man who examined the crystal 
structure using X-ray and based on his observations, he decided the diffraction of X-ray can 
be done if the wavelength of X-ray is similar to the lattice constant or inter-atomic spacing, 
and since then the subject has most extensively studied and used for materials 
characterization. X-ray diffraction method is the most effective method for determining the 
crystal structure of a material and to identify chemical compounds from their crystalline 
structure, not from their compositions of chemical elements. Which means, each compound 
has its own specific X-ray diffraction peaks and can be differentiated between the 
compounds by their peaks, i.e., the different compounds (or phases) that have the same 
composition can be identified (23]. 
The source of X-ray radiation is an electrically heated filament, usually tungsten, 
which emits electrons, accelerated by a high potential difference (20-50 kV). These 
electrons are then allowed to strike a metal target or anode which is water cooled. The anode 
emits a continuous spectrum of `white' X-radiation but superimposed on this are sharp, 
intense X-ray as radiation; electrons descending from the L shell (n=2) give the K,, lines and 
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electrons from the M shell (n=3) give the Kp Iines. These lines are actually very closely 
spaced doublets—Kai, K.2 and Kpi, Kpr—which are usually not resolved. As the atomic 
number, Z, of the target increases, the Iines shift to shorter wavelength. Normally X-ray 
diffraction is monochromatic radiation, the wavelength of X-ray generated in Cu anode 
could be AKa1 =0.15406 nm, %KU  =0.15444 nm and Axf = 0.13992 nm [20, 26]. Fig. 2.3 
show the orbitals and the transition of electrons for emiting X-ray. 
X-ray diffraction methods can be classified into two types: spectroscopic and 
photographic. The spectroscopic technique known as the X-ray powder difractometry, or 
simply X-ray diffractometry is the most widely used diffraction method and the main 
technique discussed in this chapter. 
Fig. 2.3: Scheme of X-ray radaitions 
Photographic techniques are not widely used as diffractometry in modern 
laboratories. One reason is that spectroscopic methods can replace most photographic 
methods. However, photographic methods are used to determine unknown crystal structures 
[20]. For powder materials the XRD would be scattering and diffracted in all possible 
angles, but each material has its specific XRD pattern. For, identifaction of a component 
material, we just compare our XRD pattern with a database of XRD, which have been 
studied since 1947. International Centre for Diffraction Data (ICDD) where they have been 
maintained a database of powder diffraction patterns. The Powder Diffraction File (PDF) 
includes the d-spacings (related to angle of diffraction) and relative intensities of observable 
diffraction peaks. Patterns may be experimentally determined, or computed based on crystal 
structure and Bragg's law. It is most often used to identify substances based on X-ray 
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diffraction data and is designed for use with a diffractometer. ZnO have XRD pattern in the 
database of (JCPDS card no. 36-1451), where the powder diffraction pattern of a sample 
has been measured and both d spacings and intensity of the lines recorded, which can be 
matched against the patterns of known compounds in the files. 
Bragg's law: The fundamental of XRD is best explained by the Bragg's equation 
which places the condition for the constructive interference for the scattered X-ray from the 
successive atomic planes formed by the crystal lattice of a material. According to the Bragg, 
the X-ray dif faction can be visualized as X-rays reflecting from a series of crystallographic 
planes as shown in 	Fig. 2.4. The path differences introduced between a pair of waves 
travelled through the neighboring crystallographic planes are determined by the inter-planar 
spacing. If the total path difference is equal to n) (n being an integer), the constructive 
interference will occur and a group of diffraction peaks can be observed, which give rise to 
X-ray patterns. The quantitative account of Bragg"s law can be expressed as: 
2dhkrsin 0 = n). 	 (2.1) 
Where d is the interplanar spacing for a given set of hkl and 0 is the Bragg angle. is 
the wavelength of X-ray. From XRD we can identify the composition of the material by 
comparing the XRD pattern with standard peaks. We can study the crystal structure, 
crystallite size, lattice parameters, defects or secondary peaks. 
The crystallography is a complete analysis of XRD data, which give all details of a 
crystal structure and the xyz position of each ions in a unit cell of single crystal. These data 
are known as crystallography information file (CIF). This file can be used in many software 
programs to make a simulation structure of the studied material. From the simulation 
structure, the user can calculate many properties of a material in simulation way, like FT[R, 
Raman spectroscopy, magnetization, etc. These software program depend on a mathematical 
modeling like, a-b intio, Monte Carlo. Density Function Theory (DFT), etc. 
In our work for XRD patterns of the samples, we have used Bruker D8 ADVANCE 
X-ray diffractometer with Cu K° radiation (I = 1.54178 A) in the range of 20° < 20 < 100° 
with a step size of 0.02° with tube voltage 40 kV as shown in Fig. 2.5. 
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Fig. 2.4: Bragg's lattice diffraction patterns 
Fig. 2.5: XRD instrument Bruker Advance D8 
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2.2.2 Electron microscopy 
Electron microscopy is microscope that uses the electrons rather than light to form 
the image of a material. Electron microscopes generate images of material microstructures 
with much higher magnification and resolution than light microscopes. The high resolution 
of electron microscopes results from short wavelengths of the electrons used for microscope 
illumination. The wavelength of electrons in electron microscopes is about 10,000 times 
shorter than that of visible light. The resolution of electron microscopes reaches the order of 
0.1 nm if lens aberrations can be minimized. Such high resolution makes electron 
microscopes extremely useful for revealing ultrafine details of material microstructure. 
There are two main types of electron microscopes: transmission electron microscopes 
(TEM) and scanning electron microscopes (SEM). The optics of the TEM is similar to the 
conventional transmission light microscope, while that of SEM is more like that of scanning 
co focal laser microscopes [23]. 
2.2.2.1 Scanning Electron Microscopy (SEM) 
SEM is designed for probing the surfaces and microstructural characterization of a 
solid samples. In this technique, a beam of electrons is produced by heating a metallic 
filament. The electrons accelerate through very high potential voltage, and are focused with 
the help of electromagnetic Ienses, incident on the sample with typical energy — 30 keV. 
When the beam strikes the surface of a sample, backseattered electrons, secondary electrons, 
Auger electrons and photons are ejected from the sample with typical energy values. 
Detectors collect the secondary or backscattered electrons and an image is produced on a 
cathode ray tube screen by recording the intensity of the detected signal as a function of 
position. The signal magnitude varies as a result of differences in surface topography as the 
electron beam is scanned across the sample surface. In this way, SEM can be employed to 
visualize surface features with a resolution as good as a few nanometers. Fig. 2.6 (a) shows 
picture of field emission scanning electron microscopy (FESEM). 
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2.2.2.2 Transmission Electron Microscopy (TEM) 
Fig. 2.6 (a) shows transmission electron microscope (TEM). TEM is similar to SEM. 
It consists of electron beam source, which are emitted thermally and accelerated through 
high potential diference energy. The electron beam is focused and directed by 
electromagnetic lenses to strike in a specimen material. In SEM the electron beam generates 
a secondary electron from the surface of specimen or the electrons would be back 
scattering, these types of electrons can be detected and their energy depends on the form of 
surface of nanoparticles, but in TEM the transmitted electron would be detected and give the 
image of internal structure of a crystal as bright-dark image. So, TEM becomes a versatile 
and indispensable tool in exploration of nanomaterials. The complementary imaging, 
diffraction and spatial resolution microanalysis techniques in TEM provides the information 
about crystal structure, size and shape of nanomaterials. The selected area electron 
diffraction (SAED) is likely to the XRD patterns, but here the electron is difrracted rather 
than X-ray beams. The electron diffraction gives complete circular bright ring, which 
correspond to the XRD peaks that can be used to analyze the purity of phase [26]. Fig. 2.6 
(b) shows picture of scanning electron microscopy (SEM). In the present thesis, we have 
used FETEM (JEOL-2010), at King Abdullah institute for nanotechnology, King Saud 
University, Saudi Arabia. In this thesis, the morphological studies have been carried out 
field emission transmission electron microscope (FETEM-Jeol 2010), at King Abdullah 
institute for nanotechnology, King Suad University, Saudi Arabia. And we also used 
scanning electron microscope, model (JSM-6510 LV) at SURF center, Aligarh Muslim 
university A.M.U, Aljgarh, India. 
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Fig. 2.6: (a) Scanning electron microscopy (SEM) and (b) transmission electron microscopy 
(TEM) 
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2.2.3 Energy Dispersive X-ray Spectroscopy (EDX) 
EDX is an analytical technique used for the elemental analysis or chemical 
characterization of a sample. It is a type of spectroscopy, which relies on the investigation of 
a sample through interactions between electromagnetic radiation and matter, analyzing X-
rays emitted by the matter in response being hit with charged particles. Its characterization 
capabilities are due in large part to the fundamental principle that each element has a unique 
atomic structure, allowing X-rays that are characteristic of an elements atomic structure, to 
be identified uniquely from each other. There are four primary components of a EDX set up: 
the beam source; the X-ray detector; the pulse processor; and an analyzer. A number of free-
standing EDX systems exist. However, EDX systems are most commonly found on 
scanning electron microscopes (SEM-EDX) and electron microprobes. Scanning electron 
microscopes are equipped with a cathode and magnetic lenses to create and focus a beam of 
electrons and since 1960's they have been equipped with elemental analysis capabilities. A 
detector is used to convert X-ray energy into voltage signals; this information is sent to a 
pulse processor. In practical each element included in chemical compound can be detected 
by peaks, which appear in EDX spectrum. So, this technique is used to identify what are 
the elements of a given materials [23]. 
2.2.4 X-ray  Photoelectron Spectroscopy (XPS) 
X-ray Photoelectron Spectroscopy is a technique that uses characteristic electrons 
emitted from a solid for elemental analysis, not for imaging as in electron microscopy. The 
characteristic electrons (either Auger electrons or photoelectrons) exhibit characteristic 
energy levels, revealing the nature of chemical elements in specimens being examined. 
Auger or photoelectrons can only escape from the uppermost atomic layers of solid (a depth 
of 10 nm or less) because their energies are relative low (generally 20-2000 eV), while the 
characteristic X-rays can escape from a much greater depth (several micrometers from the 
surface). Thus, electron spectroscopy is a technique for surface chemical analysis. There are 
two types of electron spectroscopy: Auger electron spectroscopy (AES) and X-ray 
photoelectron spectroscopy (XPS). Auger electrons and photoelectrons are different in their 
physical origins, but both types of electrons carry similar information about chemical 
elements in material surfaces. 
Chapter 2 	 Experemital Techniques 	 Page 42 
Ph.D Thesis 	 Rezq Naji Aljawfr 
The X-ray photoelectron is an electron ejected from an electron shell of an atom 
when an atom absorbs X-ray photon. Fig. 2.7 (a) shows the emission of a photoelectron 
from an atom when it is excited by an X-ray photon. An incident X-ray photon can have 
sufficient energy (a value of /n') to knock out an inner shell electron, for example from the 
atom's K shell. In such a case, the K shell electron would be ejected from the surface as a 
photoelectron with kinetic energy EK. Knowing the kinetic energy EK, we can calculate the 
binding energy of the atom's photoelectron (Eli) based on the following relationship. EB = 
by — EK-- cP, 0 is the parameter representing the energy required for an electron to escape 
from a material's surface, h is Planck's constant and v is the frequency. The value of D 
depends on both the sample material and the spectrometer. The binding energies (EB) of 
atomic electrons have characteristic values, and these values are used to identify elements, 
similar to the way that characteristic X-ray energy is used in X-ray spectroscopy. X-ray 
photoelectron spectroscopy (XPS) identifies chemical elements from the binding energy 
spectra of X-ray photoelectrons. A typical XPS spectrum is a plot of intensity versus binding 
energy. Photoelectrons are ejected from different electronic shells and subshells. Each 
binding energy peak is marked as an element symbol plus a shell symbol from where the 
photoelectron was emitted, for example Al 2p, 0 Is, Zn 2p3/2, as shown in Fig. 2.7 (b) the 
photoelectrons emitted by subshells p, d and f are commonly marked with an additional 
fraction number; for example, Cu 2pl /2. There are 1/2 and 3/2 for the p subshell, 3/2 and 
5/2 for the d subshell, and 5/2 and 7/2 for the f subshell. These fractions represent the 
quantum number of total angular momentum (.I) for an individual shell electron [26 ]. In our 
work, the Valence states, oxygen vacancy and the electronic structure of the ions have been 
determined by using x-ray photoelectron spectrometer of VSW, UK. at UGC, DAE centre 
indore, India. The resolution is 0.9 eV with Al Ka source and base vacuum is — 10A torn. 
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Fig. 2.7: Emission processes of electron: (a) a is photoelectron; and (b) a KLIL2,3 Auger 
electron 
2.2.5 FourierTransform Infrared Spectroscopy (FTIR) 
FTIR is most useful for identifying chemicals that are either organic or inorganic. It 
can be utilized to quantitate some components of an unknown mixture. It can be applied to 
the analysis of solids, liquids, and gases. The term Fourier Transform Infrarede 
Spectroscopy (FTIR) refers to a fairly recent development in the manner in which the data 
are collected and converted from an interference pattern to a spectrum. FTIR instruments 
are computerized which makes them faster and more sensitive than the older dispersive 
instruments. FTIR can be used to identify chemicals from spills, paints, polymers, coatings, 
drugs, and contaminants. FTIR is the most powerful tool for identifying types of chemical 
bonds (functional groups). By interpreting the infrared absorption spectrum, the chemical 
bonds in a molecule can be determined. FTIR spectra of pure compounds are generally so 
unique that they are like a molecular "fingerprint", while organic compounds have very rich, 
detailed spectra. Inorganic compounds are usually much simpler. For most common 
materials, the spectrum of an unknown can be identified by comparison to a library of 
known compounds. 
Molecular bonds vibrate at various frequencies depending on the elements and the 
type of bonds. For any given bond, there are several specific frequencies at which it can 
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vibrate. According to quantum mechanics, these frequencies correspond to the ground state 
(lowest frequency) and several excited states (higher frequencies). One way to cause the 
frequency of a molecular vibration to increase is to excite the bond by having it to absorb 
light energy. For any given transition between two states, the light energy (determined by 
the wavelength) must be equal to the difference in the energy between the two states 
[usually ground state (Eo) and the first excited state (El)]. The energy corresponding to these 
transitions (between molecular vibrational states) is generally 1-10 kcal/mol which 
corresponds to the infrared portion of the electromagnetic spectrum [27, 281. 
Difference in energy states = Energy of the light absorbed: 
Ef E,=hC/X 	 (2.2) 
where the symbols Ef, E;, h, C and represent the excited state energy, ground state energy, 
planks constant, velocity of light and wave length of the infra red light. In the present thesis 
work, we have used Fourier Transform Infrared Spectrophotometer Nicolet Impact 410 
DSP. 
FT-IR used in gas, liguid. In case of powder, sample is compressed into a thin pellet 
with KBr, which is transparent in the IR, then it can be analyzed. Alternatively, solid 
samples can be dissolved in a solvent such as methylene chloride, and the solution placed 
onto a single salt plate. The solvent is then evaporated off leaving a thin film of the original 
material on the plate. This is called a cast film, and is frequently used for polymer 
identification. In our work we used the FTIR spectra in order to study the defects at the 
surface of nanoparticles, or the organic molecules, which remained from the sob-gel 
synthesis prosess. Fourier transform infrared (FTIR) studies of the samples are obtained at 
room temperature by Perkin Elmer BX2 FTIR spectrometer using KBr pellets as medium, 
transmittance FTIR studied in the range of 400 cm' to 4000 cm`' at the Departement of 
Applied Physics, AMU, Aligarh, India. 
2.2.6 Raman Spectroscopy 
Raman spectroscopy is a spectroscopic technique based on inelastic scattering of 
monochromatic light, usually from a laser source. Inelastic scattering means that the 
frequency of photons in monochromatic light changes upon interaction with a sample. 
Photons of the laser light are absorbed by the sample and then re-emitted. Frequency of the 
Chapter 2 	 Experemital Techniques 	 . Page 45 
Ph.D Thesis 	 Rezq Naji Aljawfi 
re-emitted photons is shifted up or down in comparison with original monochromatic 
frequency, which is called the Raman effect. This shift provides information about 
vibrational, rotational and other low frequency transitions in molecules. Raman 
spectroscopy used to study our samples in powder form. The Raman effect is based on 
molecular deformations in an electric field E determined by molecular polarizability a. The 
laser beam can be considered as an oscillating electromagnetic wave with electrical vector 
E. Upon interaction with the sample, it induces electric dipole moment P aE, which 
deforms molecules. Because of periodical deformation, molecules start vibrating with 
characteristic frequency urn. The amplitude of vibration is called a nuclear displacement. In 
other words, monochromatic laser light with frequency vo excites molecules and transforms 
them into oscillating dipoles. Such oscillating dipoles emit light of three different 
frequencies when: 
A molecule with no Raman-active modes absorbs a photon with the frequency vo. 
The excited molecule returns back to the same basic vibrational state and emits light 
with the same frequency vo as an excitation source. This type of interaction is called 
an elastic Rayleigh scattering. 
D A photon with frequency uo is absorbed by Raman-active molecule which at the 
time of interaction is in the basic vibrational state. Part of the photon's energy is 
transferred to the Raman-active mode with frequency Urn and the resulting frequency 
of scattered light is reduced to vo - um. This Raman frequency is called Stokes 
frequency, or just "Stokes". 
A photon with frequency vo is absorbed by a Raman-active molecule, which, at the 
time of interaction, is already in the excited vibrational state. Excessive energy of 
excited Raman active mode is released, molecule returns to the basic vibrational state 
and the resulting frequency of scattered Iight goes up to vo + Urn. This Raman 
frequency is called Anti- Stokes frequency, or just "Anti-Stokes". About 99.999% of 
all incident photons in spontaneous Raman undergo elastic Rayleigh scattering. This 
type of signal is useless for practical purposes of molecular characterization. Only 
about 0.001% of the incident light produces inelastic Raman signal with frequencies 
DO um. Spontaneous Raman scattering is very weak and special measures should be 
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taken to distinguish it from the predominant Rayleigh scattering. Instruments such as 
notch filters, tunable filters, laser stop apertures, double and triple spectrometric 
systems are used to reduce Rayleigh scattering and obtain high-quality Raman 
spectra [29, 30]. 
A Raman system typically consists of four major components: 
• Excitation source (Laser). 
• Sample illumination system and light collection optics. 
• Wavelength selector (Filter or Spectrophotometer). 
• Detector (Photodiode array, CCD or PMT). 
Raman measurements were performed using Horiba Labram HR microspectrometer at 
King Abdullah institute for nanotechnology, King Saud university, Sudia Arabia. The 
excitation is realized using the 488 rim line of an Ar ion laser with a power of 12 mW. 
2.2.7 Magnetization measurements 
2.2.7.1 Superconducting Quantum Interferometery Device (SQUID) 
Superconducting quantum interference device (SQUID) is extensively exercised to 
perceive incredibly small magnetic moment of the order of 10-6 emu [31, 32] Such an 
immense sensitivity of the SQUID devices is associated with measuring changes in 
magnetic field related with one flux quantum. SQUID consists of two superconductors 
separated by thin insulating layers to form two parallel Josephson junctions. One of the 
discoveries associated with Josephson junctions was that flux is quantized in units. In 
SQUID magnetometer, a sample is placed in an applied magnetic field of 0-I1 Tesla 
produced by a superconducting magnet. The sample is moved slowly through a set of 
detection coils coupled to the SQUID via superconducting wires. The output voltage 
detected by the SQUID magnetometer is proportional to the magnetic moment of a sample. 
The SQUID output voltage, when properly calibrated using a sample of known magnetic 
moment, can be used to provide accurate values for the magnetization of a sample. A 
schematic of the SQUID magnetometer is shown in Fig. 2.8. The SQUID magnetometer has 
certain advantages over the VSM, such as, it provides better sensitivity (of the order of i0 7  
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emu) in the magnetization measurement as compared to the vibrating sample magnetometer 
(VSM) (sensitivity of the order of 10-4 emu). This is because SQUID magnetometer involves 
superconducting Josephson junctions that is very sensitive to any minute change in magnetic 
flux/voltage. Furthermore, A dc-SQUID is comprised of two Josephson junctions connected 
in parallel is shown in (Fig. 2.9). A current is passed through the superconductors and when 
no magnetic sample is present the Cooper pairs weakly interfere as they pass through the 
Josephson junctions. This interference is caused by phase shifts (5A and 3B) of the Cooper 
pairs passing through junctions A and B respectively. However, when a magnetized sample 
passes through the center of the SQUID device, the magnetic flux changes the interference 
(phase difference) of the cooper pairs. Ultimately, the total current passing through the 
superconducting loops (I) changes as a result of any magnetic flux (B) through the loops by 
the relationship 
I = 2 Jo sinSncos(e/hJ B.dS) 	(2.3) 
where Io is the initial current, bo is a constant phase shift, e is the charge of an electron, h 
is Planck's constant and S is area of the superconducting loop [33]. The current change 
causes a change in voltage, which is amplified by a coil coupled to the SQUID and 
converted into a current with equal and opposite flux [34]. The sensitivity of the SQUID 
magnetometer is directly related to its ability to measure the phase difference of Cooper 
pairs. SQUID magnetometers are also very precise, allowing for reproducible standard 
deviations ofthe order of 10"3 to 10-6 emu for six averaged measurements. The schematic 
diagram of SQUID magnetometer is shown in Fig. 2.10. For the operation of these 
Josephson junctions, they are maintained in liquid helium. Hence, at higher temperature 
(> 300K), the measurement is difficult as liquid helium starts boiling off. Magnetization 
studies were carried out using SQUID magnetometer system (MPMS-XL, QUANTUM 
Design) in the temperature range of 10-300 K. at magnetization lab, UGC, DAE centre 
Indore, India. 
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2.2.7.2 Vibrating sample magnetometer 
Vibrating sample magnetometer (VSM) is a powerful technique for determination of 
magnetic properties of materials [35]. The operation of the vibrating sample magnetometer 
is based on the flux change in a coil when a sample having non-zero magnetic moment is 
vibrated near it. Because, the magnetic field effect on the charged particles when these 
particles are moved or vibricated but not on the stationary particles. The VSM is shown in 
Fig. 2.11. The sample to be studied is fixed in a sample holder which is located at one end of 
the rod whose other end is attached to a mechanical vibrator which vibrates typically with a 
Fig. 2.8: SQUID magnometer 
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Fig. 2.9: Schematic diagram Josephson junctions in SQUID 
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Fig. 2.10: An illustration of SQUID Magnetometer 
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frequency of 82 Hz and with amplitude of about 0.1 mm. The direction of vibration is kept 
perpendicular to that of the magnetic field generated by an electromagnet. The oscillating 
magnetic field, resulted from the vibrating sample, generates an alternating e.m.f. in the 
detection coils kept near the sample. The vibrating rod also carries a reference specimen, in 
the form of a small permanent magnet, near its upper end and its oscillations induce e.m.f. in 
the reference coils. The difference between the voltage of the detection and reference coils, 
which is directly proportional to the magnetic moment of the sample is measured and is 
expressed in terms of the magnetic moment (i.e. in emu). For sample with known mass or 
dimensions, its magnetization can be measured either in units of emu/gm or emu/cm3. It is 
very sensitive technique; it can detect a change in the magnetic moment as small as 5 x 10-5  
emu. The schematic diagram of VSM magnetometer is shown in Fig. 2.12. The present 
work (chpter 3 and 6), measurements were performed using a quantum design (USA), 14 T 
physical property measurement system (vibrating sample magnetometer PPMS-VSM), at, 
Department of physics, Himachal Pradesh University, Shimla, India. For the measurement 
using VSM, the powered sample were weighted, pressed into a small quartz container and 
finally mounted at the end of a rigid ceramic rod. To avoid the movement of the powders 
inside the tube they were compacted using Teflon tape. The stability of the instrument is ± 
0.05 % for fixed coil geometry, the absolute accuracy is 2 % and the reproducibility is better 
than 1 %. The least measurable moment is better than of the order of 10-4 emu. For 
recording magnetization measurements at lower temperatures range from 77-300 K, a closed 
cycle refrigerator has been used 
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Fig. 2.11: the VSMmagnotemetr 
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Fig. 2.12: An illustration of Vibrating Sample Magnetometer. 
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2.2.7.3 Hysteresis loop. 
Magnetization vs. applied magnetic field measurement (hysteresis curves 
measurements) is a time dependent measurement of the magnetic moment of a sample as the 
magnetic field is increased and decreased in a hysteresis fashion. Hysteresis loops provide 
information such as saturation magnetization (Ms), remanence magnetization (MR) and 
coercivity (He) for a given material. These values are specific to the temperature at which 
hysteresis loop experiment is performed as the magnetic moment of a sample can depend on 
the temperature. Hysteresis loop experiments were performed at different temperatures for 
nanoparticles at 300 K, 200 K, 120 K, 80 K and 5 K beginning at zero applied magnetic 
fields. For bulk particles hysteresis loops measurements were carried out at 300 K and 5 K. 
Ms was determined by observing the magnetic moment of the sample at the largest applied 
magnetic field. Ma was determined by locating the point on the y-axis, where there was a 
magnetization in zero applied magnetic field. He was determined by locating the point on 
the x-axis where the magnetization was zero in an applied magnetic field is shown in Fig. 
2.13. 
2.2.7.4 Temperature dependent zero field cooled (ZFC) and field-cooled (FC) 
magnetization 
The transition temperature (TB) of a magnetic material is an important factor as it 
governs the classification of a material as ferro-, fern-or superparamagnetic. Zero-field - 
cooled (ZFC) and field-cooled (FC) magnetization versus temperature (M-T) measurements 
are commonly used to determine TB, also known as the blocking temperature, of magnetic 
materials. The blocking temperature (Ta) is a measure of the thermal energy required to 
overcome the superexchange transition and is defined as the temperature at which the 
nanoparticles do not relax during the time of measurement; they are blocked in these 
measurements, a sample is cooled from room temperature to 5 K in zero applied magnetic 
field. Then a small magnetic field is applied and the sample is warmed up to temperature 
300 K (zero field-cooled measurement) and the magnetic moment is recorded. In the field-
cooled measurements, the sample is cooled from 300 K to 5 K in the presence of field, 
where upon the temperature is again increased to 300 K and the magnetic moment is 
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recorded. In the ZFC measurement, the magnetic dipoles of the sample are random at room 
temperature and remain random upon cooling. At 5 K, the dipoles do not have enough 
thermal energy to rotate. As the temperature is increased kBT, increases and the magnetic 
dipoles align in the direction of the applied magnetic field resulting in an increase in the 
magnetic moment. In the field cooled measurement, the magnetic dipoles are aligned at 300 
K and are cooled to 5 K in this configuration. As the temperature is increased, kBT provides 
the energy for the magnetic dipoles to randomize resulting in a decrease in the magnetic 
moment. The point at which the ZFC and FC curves meet is called the separation point. 
Below the blocking temperature, there is sufficient thermal energy to randomize the 
magnetic dipoles and a material behaves like a paramagnetic. ZFC-FC measurements are 
done in the presence of various applied fields. 
-2000 -1000 0 1000 2000 
Magnetic Field (Oe) 
Fig. 2.13: Hysteresis curves (M-I1) indicating the location of the point of interest 
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Chapter 3 
STRUCTURAL, ELECTRICAL AND MAGNETIC 
PROPERTIES OF UN-DOPED AND Co DOPED ZnO 
NANOPARTICLES 
In this chapter, structural elect nca(and magnetic properties 
of un doped ZnO and Co (10 %) doped ZnO nanoparticls 
have been studied, which are synthesized through sot-get 
method X-ray diffraction (XD) reveth the single phase 
character of the samples. The morphofogies and size of 
nanopartic(es have been estimated by using scanning electron 
microscopy (SKEW) and transmission election microscopy 
(cEW) Fourier transforms infrared spectroscopy (F111 
show the presence of some organic defects in the samples. 
(Pzman spectra reveal thie incorporation of Co ions in the ZnO 
lattice structure ,and show presence of ocygen vacancy (~)o). 
cie electricaiproperties; dielectric and impedance properties 
have been studied 6y using £CR technique. The samples both 
pure ZnO and Co doped ZnO show ferromagnetic hysteresis 
Coop, at room temperature. The origin of ferromagnetism has 
been discussed 
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3.1 Introduction 
Diluted magnetic semiconductor (DMS) is traditionally defined as a diamagnetic 
semiconductor doped with a few to several atomic percent of some transition metal with 
unpaired d electrons [1]. Among II---VI semiconductors, ZnO has been considered as one 
of the promising candidates for fabricating DMS due to its high solubility for transition 
metals (TMs), a wide band gap (3.3 eV) semiconductor with a large excitation binding 
energy of 60 meV and has potential applications in electronic and optoelectronic devices 
[2-6]. ZnO has n-type character, even in the absence of TM doping [7]. In the field of 
spintronics, it is essential to develop semiconductors with ferromagnetically polarized 
carriers at or above room temperature (RT) such that the spin as well as charge carriers 
can be coupled with an external magnetic field to control the operation of spintronic 
devices. The development of such materials is due to their tremendous application 
potential in new generation of very high speed and very small size. So, the electrical and 
magnetic properties should be studied for those applications [8]. Dietal et al. [9] predicted 
the existence of high-temperature ferromagnetic (FM) in Mn (5%) doped ZnO. Ueda and 
Kawai reported ferromagnetic with a Curie temperature higher than RT for the Co doped 
ZnO films grown by the pulsed-laser deposition technique [10]. A ferromagnetism with 
To > 300 K was observed also in Zn1_s(Coo.5Feo.$)YO thin films prepared by magnetron 
co-sputtering and post-annealed in vacuum. However, bulk Znl 1CooO has been found to 
be antiferromagnetic in polycrystalline powder samples prepared by both solid-state and 
liquid-phase reactions. This antiferromagnetic behavior may result from Co clusters 
observed in Zni_xCoO powder, together with a population of interstitial Co atoms 
instead of substitution Co [11]. Some experimental data show that homogeneous films of 
Zn1 _sCo1O exhibit a spin-glass behavior, whereas inhomogeneous Zn l xCo.,O films are 
more likely to demonstrate room-temperature ferromagnetism [11-13] that reveals the Co 
clusters might be the source of the high TT ferromagnetism in some Co doped ZnO. 
Norton et al 1141 observed such an effect for ZnO films implanted with high doses of Co 
ions. 
Given that the concentrations of TM ions needed to achieve high Curie 
temperatures are at or above the solid solubility, it is clear that small variations in the 
growth parameters will lead to a variety of outcomes, ranging from uniform alloys to 
Chapter 3 	 Co doped ZnO 	 Page 58 
Ph.D Thesis 	 Rezq Naji Aljawfi 
clustering of TM atoms to the precipitation and formation of second phases mechanism 
based on free charge carrier inducing Ruderman-Kittel-Kasuya-Yosida (RICKY) like 
interactions [9]. The Iow resistivity and high electron carrier density is necessary 
condition in this model 
In this chapter, the samples of pure ZnO and Co (10 %) doped ZnO nanoparticles 
were synthesized by using sol-gel method with annealing temperature of 450 °C in air. 
The structural, morphologies and optical properties of the samples have been studied by 
using XRD, SEM, TEM, FTIR, UV, and Raman spectroscopy. Impedance and Dielectric 
properties have been studied. Also, the magnetization properties of the sample have been 
studied by using vibrating sample magnetometer (VSM). 
3.2 Results and discussion 
3.2.1 DTA/TGA 
The differential thermal analysis and thermo gravimetric analysis (DTA/TGA) has 
been performed on the dried gel (before annealing) of Co doped ZnO nanoparticles. TGA 
curve in Fig. 3.1 indicates that the weight loss starts at —200 °C because of the evaporation 
of water, the major weight loss occurs between 340 to 550 °C, which is around 40 % of the 
original weight due to the removal and decomposition of organic groups present in the 
sample during synthesis. No decomposition or reaction occurs at temperatures above 
700 °C. The exothermic peak observed in the DTA plot as shown in Fig. 3.1 between 
370-520 °C illustrates the maxima at -435 °C which exemplifies the burn-out of organic 
composition or the residual carbon present in the deried gel. Apart from this, no other 
exothermic or endothermic peak is present in DTA curve. Therefore, the minimum 
annealing temperature for crystallization of amorphous dried gel is --430 °C. The present 
samples annealed at 450 °C, which confirms that, the chemical action by sol-gel method 
is performed successfully and all starting organic precursors might have been 
decomposed. 
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Fig. 3.1: TGA andDTA curves for the sample of Co (10 %) doped ZnO nanoparticles 
3.2.2 X-ray diffraction (XRD) studies 
Fig. 3.2 shows XRD patterns of the pure ZnO and Co doped ZnO nanoparticles, 
the observed diffraction peaks can be indexed to a ZnO wurtzite structure (space group 
P63mc). Within the sensitivity of the used XRD technique, no other impurity phase was 
found, which indicates that, the Co ions occupy the lattice site rather than interstitial of 
ZnO and the chemical reaction by sol-gel method have been done successfully and all 
starting organic precursors might have been completely decomposed. The crystallite size 
of nanoparticles has been calculated using Debye—Scherer's formula [15] 
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D Bsos a 	(3.1) 
where D is the diameter of the nanoparticles, ?. is the wavelength of X-ray (1.54178 A ), 0 
is the Bragg angle and 1i is the line broadening at the full width at half maxima (FWHM). 
The calculated size of the nanoparticles was 19.5 nm and 14.6 nm for un-doped ZnO and 
Co doped ZnO respectively. The inset in Fig. 3.2 shows the expanded XRD patterns of 
the highest peak (101) of the samples. Insignificant shift in the peak of Co doped ZnO 
sample as compared to the peak of un-doped ZnO is obtained, which indicate that the 
lattice parameters of ZnO changes very slightly with Co doping, because the ionic radii 
of Coe} (0.058 nm) is closed to the ionic radii of Zn2 (0.06 nm). The indexing and the 
unit cell parameters have been calculated using PowderX software program, and 
summarized in Table 3.1. 
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Fig. 3.2: X- ray diffraction (XRD) pattern of ZnO and Co (10 %) doped ZnO samples 
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TEM images of pure ZnO and Co doped ZnO samples in Fig. 3.4 (a) and (b) 
show the nanoparticles shape and morphology of the samples, which possess different 
shapes mostly semi-sphere and nearly hexagonal. 
zoo 100 n= 
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Fig. 3.4: TEM images, (a) for Pure ZnO and (b) for Co doped ZnO samples 
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The energy dispersive X-ray spectroscopy (EDS) spectra shows only peaks of Zn 
and 0 elements for undoped ZnO sample as shown in Fig. 3.5 (a), while the elements Zn, 
Co and 0 can be seen in the composition of Co doped ZnO nanoparticles in Fig. 3. 5 (b) 
The EDS analyses confirm the purity phase of grown nanoparticles. The histogram shows 
the percentage of each element in the samples. The carbon signal is appearing from the 
carbon tape in the used in the experiment. 
	
III 
	 (a) 
a 
C 	O 	Z 
Element Weight% Atomic% 
C K 	6.86 	20.04 
OK 18.10 39.69 
Zn K 	75.04 40.27 
Totals 	100.00 
1 	2 	1 	8 	a 	10 	12 	U 	18 	18 
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Fig. 3.5: EDX, (a) for pure ZnO and (b) for Co doped ZnO sample 
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3.2.4 Fourier transforms infrared (FTIR) spectra studies 
FTIR study is carried out to identify any functional groups or adsorbing species 
on the surface of nanoparticles and to detect molecular impurities. The defects at the 
surface of nanoparticles are responsible for the change of many physical properties. Fig. 
3.6 shows the FTIR spectra of pure ZnO and Co doped ZnO, in the wave number range 
of 400-4000 cm'. The absorption peak at -3400 cm' is due to stretching vibration of O-
H mode of hydroxide group or interlayer water molecule (free or bound) [16]. The peak 
located at 2900 cm' represents C-H mode. The peaks at 1380 and 1600 cm"' represent 
the asymmetric and symmetric C=O respectively [161. The peak at -490 cm i is assigned 
to the stretching mode of Zn-O [17]. 
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Fig. 3.6: FTIR spectra of Pure ZnO and Co doped ZnO samples 
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3.2.5 UV-VIS absorption spectrum 
The UV—VIS absorption spectra of the nanocrystalline ZnO and ZnO doped with 
Co are shown in Fig. 3.7. 
Pure Zn0 cW ; 
~.= 383 nm (3.25 eV) 
1\ 
350 400 450 500 550 
Wavelength (nm) 
-Co(10at%)  doped ZnO 
r392  nm (3.14 eV) 
Ih  
300 350 400 450 500 550 600 
Wavelength (nm) 
Fig. 3.7: The UV-VIS spectra for pure ZnO (a) and (b) for Co doped ZnO nanoparticles 
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The band edge for the undoped ZnO sample appears at 3.25 eV (7? =382 nm) 
while the band edge of the Co doped sample shifts to lower energy of 3.04 eV 
( =392 nm). The red shift of the band gap energy confirms the incorporation of Co into 
ZnO and interpreted as mainly due to the sp-d exchange interactions between the band 
electrons and the localized d electrons of the Coe+ ions substituting Zn ions [18, 191. 
Generally, the s-d and p-d exchange interactions lead to a negative and a positive 
correction to the conduction band and the valence band edges, resulting in a band gap 
narrowing [18]. The valence state and substitution of Coe* in ZnO nanocrystals has been 
examined with optical absorption spectroscopy. 
3.4.6 Raman Spectroscopy 
Raman scattering is a versatile technique for detecting the incorporation of 
dopants and the resulted defects and lattice disorder in the host Iattice [20]. The zone-
centre optical phonons of the wurtzite structure of ZnO can be classified according to the 
following irreducible representations: r0 = A,+E1+2E2+2B1. The BI modes are silent in 
Raman scattering, whereas At and Ei modes are polar and hence exhibit different 
frequencies for the transverse-optical (TO) and longitudinal-optical (LO) phonons [21]. 
The nonpolar E2 modes have two frequencies, namely, E2 (high) and E2 (low) associated 
with the motion of oxygen (0) atoms and zinc (Zn) sublattice respectively [22]. Fig. 3.8 
shows the room-temperature Raman spectrum of undoped ZnO and Co doped ZnO 
samples in the range 250 to 700 cm 1 . Two high intense peaks are observed, the peak 
located at -437 cm 1 can be assigned to E2 (high), which is the strongest mode in 
wurtzite crystal structure and decreases sharply with the doping of Co in the ZnO as 
shown in the Fig. 3.8, the other peak is located at -569 ctn 1 that can be assigned to AI 
longitudinal optical (LO) mode [A, (LO)], which arises by the defects such as 0-vacancy, 
Zn-interstitial defect or their complexes [23]. The peaks at 330 assigned to the difference 
mode between E2 high and E2 low frequency [231. No extra peaks are observed, and the 
shift in the peak positions indicates to the substitution of Co ions in the ZnO lattice. 
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Fig. 3.8: Raman spectra of Pure ZnO and Co doped ZnO 
3.2.7 Electrical Properties 
In general, ZnO has n-type character even in the absence of TM dopants. 
Controllable n-type doping is easily achieved by substituting Zn with group-V elements 
[24]. It is difficult to fabricate Iow-resistivity p-type ZnO, which is essential in a range of 
applications. Nevertheless, experiments have shown that p-type ZnO is achievable with 
group-III elements [25, 261. In present samples, the resistivity of the pellets has been 
measured directly at room temperature, where the values are in the range of 
105-107 ohm cm, which is in range of semiconductor character. 
Dielectric properties have been studied. The permittivity (E) is represented by 
E = a'— 1E", where a' is the real part of a which describes the stored energy or the 
polarizability of a material, while e" is complex part of a that describes the dissipated 
energy due to polarization and ionic conduction [271. a' and s" are estimated as a function 
of frequency for the ZnO and Co doped ZnO, in the frequency range 200 Hz -7 MHz at 
room temperature as showed in Fig. 3.9. (a) and Fig. 3.9 (b). It can be seen that initially 
the dielectric constant s' and s" decreases rapidly with increasing in frequency and 
becomes constant at high frequencies for all compositions. The dielectric curves can be 
distinguished by two regions: (a) low frequency region below 103 Hz, where the dielectric 
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constant is high and the rate of decrease is rapid with increasing frequency, (b) above 
103 Hz, the dielectric constant value becomes small and show almost frequency 
independent response approximately same for all samples. In general, the materials have 
four distinguishable polarization mechanisms, namely electronic, atomic, orientation 
(dipole) and interfacial or space charge polarization [281. 
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Fig. 3.9: Variation of real dielectric constant with frequency (a), and variation of 
complex dielectric constant (b), for ZnO and Co doped ZnO samples 
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It is possible to present all these types of polarization in the present samples, but 
in case of ZnO the more significant polarization are orientation polarizations. The 
orientation polarization of ZnO molecules is in the c- axis [0001], where ZnO itself has 
polarity of tetrahedral with non-centrosymmetric crystal structure having its spontaneous 
polarization and polar face dominated nanostructures. The crystal structure of ZnO can be 
visualized in as oxygen atoms and zinc atoms are in tetrahedral bonded. These 
tetrahedrons stack along [0001] direction. Due to spontaneous polarization, the position 
of positive charge is displaced from that of negative charge and the direction of 
displacement is also [0001]. The net result of this spontaneous polarization is a charged 
(0001) ZnO surface [29]. So, at high frequency, polarization cannot follow the changes of 
the applied field that leads to the decrease in polarization/dielectric constant. For space 
charge polarization (surface), Maxwell—Wagner interfacial model [30, 31J and Koop's 
phenomenological theory [32] of dielectrics can be used to explain this type of 
polarization. According to Maxwell—Wagner model, a dielectric medium is made up of 
semiconducting grains that are separated by insulating grain boundaries. Under the 
application of external electric field, the charge carriers can easily move inside the grains 
but are accumulated at the grain boundaries. This process can produce large polarization 
and high dielectric constant. The small conductivity of grain boundary contributes to the 
high value of dielectric constant at low frequency. The higher value of dielectric constant 
and the effect of grain and grain boundaries (surface) can be explained on the basis of 
interfacial) space charge polarization due to inhomogeneous dielectric structure, where 
the nanoparticles contain a number of surface defects like dangling bonds, oxygen 
vacancy (Vo) and micro-pores at the grain boundaries due to their large surface-to-
volume ratio. These surface defects cause a change in the positive and negative space 
charge distribution at the interfaces. When an external electric field is applied, these 
space charges move under the effect of field and are trapped by defects at the interfaces, 
forming pile of dipole moments. At low frequencies, hopping electrons are trapped by 
these structural inhomogeneities. Therefore, space charge polarization is dominant at low 
frequencies. 
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The impedance behavior of undoped ZnO and Co doped ZnO nanocompsite has 
been studied over a wide range of frequencies 200 Hz —7 MHz at room temperature, by 
using ac complex impedance spectroscopy technique. This technique is widely used to 
separate the resistive and capacitive components of electrical parameters in a material and 
provide a clear picture about the feature applications of a material. When the impedance 
parameters (capacitive and resistive components) of material are plotted in a complex 
impedance plane, it appears in the form of a sequence of semicircles, representing 
electrical phenomenon due to bulk (grain) material, grain boundary, and interfacial 
phenomenon, if any. The first semicircle in low-frequency region represents the 
resistance of the grain boundary. The second one obtained for high frequency domain 
corresponds to the resistance of grain or bulk properties [33]. The electrical response 
from the grain boundary is associated with larger resistance and capacitance than those of 
grains [34]. Fig. 16 shows the Nyquist plot of the samples, where Z" is plotted against Z', 
which shows incomplete single-arc spectrum. The impedance parameters such as 
frequency (o), resistivity (R) and capacitance (C) corresponding to the grain and grain 
boundary for the present samples have been calculated using nonlinear least square fitting 
(NLLS) as shown in Table 1. The single-arc spectrum as observed can be due to the fact 
that the conduction processes through grain and grain boundary had identical time 
constants. Therefore, the two effects cannot be separated in semiconductors 135]. Similar 
results have been reported for other materials earlier [36, 37j. The ZnO samples exhibit 
relative high resistivity and it increases with adding Co dopant, this may be correlated to 
decrease in the size of nanoparticles of the samples with increase Co. It is known that the 
decrease in grains size lead to a larger number of insulating grain boundaries to restrict 
the flow of electrons that act as a barrier in their conduction. Smaller grain-grain 
boundary due to decreasing size of nanoparticles leads to the decrease of surface area of 
these particles and the contact area between grains too. So, the main resistance comes 
from the grain boundary which leads to the appearance of only one incomplete 
semicircular arc in the Nyquist plot. Also, the relative high resistivity in the present 
samples may attributed to the low sintering temperature which plays a crucial role to 
form the size of grain and grains boundaries as reported by Zhen Zhou et al. [38] 
according of them, the resistivity of ZnO without sintering is 100 M L. Furthermore, the 
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ac impedance parameters listed in Table 1 show that the grain boundary resistance Rgb 
increases while the capacitance Cgb decreases with the increase in dopant concentration. 
This is due to the fact that the introduction of Co ions in ZnO system increases the 
concentration of defect ions which tend to segregate at grain boundaries leading to the 
formation of grain boundary defect barriers (39]. 
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Fig. 3.10: Cole—Cole plots of un-doped ZnO (a) and (b) for Co doped ZnO sample 
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3.2.8 Magnetization studies 
Fig. 3.11 (a) and (b) shows the magnetization (M) plots against the applied 
magnetic field (H) for two samples; un-doped ZnO and Co doped ZnO nanoparticles 
respectively, at room temperature (RT). The diamagnetic contribution from the samples 
holder has been subtracted from the data. The samples both, Pure ZnO and Co doped 
ZnO exhibit clear hysteresis loops in the range ± 7000 Oe, those are indicative of room-
temperature ferromagnetic (RTFM) behavior. However, outside this range the specific 
magnetization of the sample Co doped ZnO increased with increasing field and showed 
no sign of saturation above the field of 7000 Oe. The values of specific magnetization 
(Ms) at 7000 kOe for the Co doped ZnO is 0.02 emu/g, which is higher that ofPure ZnO; 
0.0045 emu/g. While the He and MR in Pure ZnO is higher than that of Co doped ZnO 
i.e., He for undoped ZnO is 744 Oe while the He for Co doped ZnO is 248 Oe, other 
parameters are summarized in Table 3.1. The occurrence of ferromagnetic in pure ZnO 
without transition metal elements have been observed in other report [40], where the ZnO 
exhibits RTFM even with annealing temperature above 1000 °C. That may be due to 
capping the nanoparticles with organic defects like C, N, H, O-H, which are shown in 
FTIR spectra, or oxygen vacancy at the surface of nanoparticles, which have been 
detected by micro-Raman spectra. The M$ of the samples is found in the order 
of 10-3 emu/g. The small coactivity and small area under the hysteresis loop characterize 
these materials as soft ferromagnetic. The observations are consistent with other reports 
for TM doped ZnO-based DMS [41]. 
However, the models of diluted magnetic semiconductors assume coupling and 
interaction between dopant electrons in 3d state of transition metals, which are distributed 
randomly inside the host semiconductors and that interaction should be mediated by 
electrons carrier or holes, but the appearance of ferromagnetic properties in ZnO 
nanoparticles without magnetic 3d elements, confirm the importance of size, shape and 
surface defects. 
Co doped ZnO bulk showing diamagnetic behavior have been reported [11]. The 
size of nanoparticles have important role in the magnetization of DMS, where the 
decrease in the size of nanoparticles leads to increase the surface/volume ratio and most 
fraction of atoms, molecules, defects will be reside at the surface rather than core of 
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nanoparticles, a spin on the surface of particle has a nearest neighbor on one side of it, 
but not the other. Therefore, the exchange energy at the surface cannot be the same as in 
the bulk. In macroscopic samples, the role of the surface spins is negligible compared to 
the bulk behavior. However, as the surface-area-to-volume ratio increases for 
nanoparticles, a larger percentage of the spins reside on the surface, contributing a larger 
amount to the overall magnetic response. The result is a larger coactivity as the larger 
field is needed to reverse the surface spins, which in a nanoparticle points radially 
outwards instead of aligning with the interior spins [42]. In this aspect, spin at the surface 
of the particle is considered to be highly disordered, due to either the high surface 
anisotropy or pinning of the surface spins and required very high field to align these 
surface spins mixed with ferrimagnetic interactions at the core. In hard magnetic 
materials, increasing the applied Field the ferromagnetic part tends to saturate whereas 
the antiferromagnetic part increases linearly resulting in the lack of saturation 
magnetization. But in case of soft magnetic materials like Co doped ZnO, where the 
number of Co is small and distributed randomly inside the host semiconductors. Therfore, 
these ions may be oriented with the external magnetic field and hence attains a saturation 
easily. Furthermore, based on first-principles total energy calculations, it is found that the 
proximity to the 0-terminated ZnO-(0001) surface of substitutional Co and Mn in ZnO 
increases the surface stability. Deferent from the magnetic behaviors between 
substitutional Co and Mn atoms in bulk ZnO, FM coupling between Co atoms in the 
outermost cation layer is favored when Co atoms are separated by an 0, while AFM 
coupling becomes stable when there is more than a ZnO unit between them. However, 
FM coupling with long-range order (more than 6.5 A) between Mn atoms in the 
outermost cation layer is revealed. Surface states play critical roles for the FM coupling 
between magnetic atoms at the surface. To understand the origin of ferromagnetism of 
ZnO-based DMSs, especially for nanoparticle samples, the full consideration of surface 
effect is necessary [43]. The thickness of the surface layer can be expressed by 
Ms=MQ(1-A) 	 (3.2) 
Where Ms represents the saturation magnetization of D-sized particle, Mo is the saturation 
magnetization of bulk samples and t is the thickness of magnetically dead layer on the 
particle surface. For sample pure ZnO samples saturation magnetization of bulk is 
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unknown, so the eqn 3.2 is applicable. But in Co doped ZnO, the bulk saturation 
magnetization is approximately 1.2-1.5 emu/g 1441, the size of particles (diameter) is 
14 nm, and the (t) thickness is equal to 2 nm. 
The FM in the present samples is intrinsic and is expected to arise from the 
exchange interaction between dopant ions mediated by defects like oxygen vacancy (Vo). 
Furthermore, the interactions of localized electrons mediated by Vo lead to align the spin 
of these electrons parallel as spin up or spin down. In bound magnetic polaron (BMP) 
mechanism for transition metal oxides, the defects come from the oxygen vacancy which 
could catch one itinerant electron to form a hydrogen-like orbit with a finite radius. When 
the defects increase to a critical amount, the orbits overlap to form a narrow impurity 
band. The doped magnetic ions within the radius coverage correlate through the impurity 
band electrons to become ferromagnetic I1•  In the present study, the oxygen vacancies 
have been detected by Raman spectra, which are generated on the surfaces of the 
nanoparticles. According to BMP theory, when the concentration of surface defects 
exceeds the percolation threshold, the surface defects can overlap many dopant ions as 
well as adjacent defects, inducing a ferromagnetic coupling between dopant spins. Thus, 
we can speculate that the Co ions at surface of the nanoparticles can be ferromagnetically 
coupled and mediated by oxygen vacancies. While in the core of nanoparticles, a few 
Coe'_ ions only contribute in the ferromagnetism, due to the insufficiency of oxygen 
vacancies in the core of nanoparticles [461. In nanostructures, most of atoms, ions and 
defects exist on the surface. More oxygen vacancies lead to more Coe+ Vo—Coz+ groups, 
which increase the ferromagnetism in the system 147]- 
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TABLE3.1: Important parameters of Pure ZnO ad Co doped ZnO samples; size of 
nanoparticles, and magnetization data which are obtained experimentally 
Samples Nanopart. Magnetization data. Lattice parameters 
Size (nm) 
Samples XRD TEM Hc(Oe) MR(emu/g) Iv (emu/g) a=b c Unit cell 
X 104 - Volume 
x1Ø  (A) (A) (A3) 
Pure ZnO 19.4 22.1 744 23 4.5 3.245 5.205 47.46 
Co doped 14.4 16.3 248 14 20 3.238 5.205 47.26 
ZnO 
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3.3 Conclusions 
Single phase nanoparticles of un-doped ZnO and Co doped ZnO have been 
prepared successfully by sol-gel method. The structural and optical have been studied by 
XRD, SEM, TEM, EDS, FTIR, UV-Vis and Raman spectra. The samples possess a single 
phase characters and no indication to present any impurity phase. FTIR spectra show 
some organic defects adsorbed at the surface of nanoparticles like CO2, C-H and O-H. 
The present of oxygen vacancy have been confirmed by using Raman spectroscopy. 
Electrical properties; impedance and dielectric properties have been studied. The samples 
show ferromagnetic hysteresis loop with saturation magnetization of the order of I0'3  
emu/g, and the saturation magnetization in Co doped ZnO is higher than that of pure 
ZnO. The observed ferromagnetic behavior is an intrinsic characteristic of the samples 
not by any impurity phase and has been explained on the basis of bound magnetic 
polaron (BMP) mechanism, where the ferromagnetic ordering arises due to indirect 
interaction between localized electrons of Co (3d) ions mediated by defects like oxygen 
vacancy (Vo). The low resistivity and expected high concentration of electron carrier give 
importance of RKKY model in the present samples. 
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Chapter 4 
SURFACE DEFECT MEDIATED MAGNETIC 
INTERACTIONS AND FERROMAGNETISM IN 
Cr/Co CO-DOPED ZNO NANOPARTICLES 
In this chapter, the structural and ferromagnetic 
properties of Zno.974 rxCoo.o3O ( = 0.0, 0.03, 0.06 and 
0.09) nanoparticdes (MPs) synthesized through citrate gel 
route have been studied. X-ray  d ffraction (XRO) and 
selected area electron difraction (S D) pattern confirms 
the single phase nature wit/i hexagonal'vurtzite structure 
of the samples. The average size of .MPs decreasesfrom —24 
to 9 nm with increasing Cr dopant concentrations (x). 
Micro-caman and X-ray photoelectron spectroscopy (XPS) 
studies show the presence of oxygen vacancy (%) defects. 
The XIS study shows interaction between Cr-Co dopant 
and transfer of electrons from Cr (3d) state to unfilled (3d) 
state of Co. The o 6ser ved ferromagnetism is intrinsic in 
nature and not due to any metallic segregation or impurity 
phase. The oxygen vacancies mediate the dopant ion 
interaction, and the ferromagnetism can 6e elucidated 6y 
6ound magnetic po&ron (cMcP) mechanism. 
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4.1 Introduction 
Diluted magnetic semiconductor (DMS) is the material in which transition 
metal (TM) elements are substituted for a few percent of cations of host 
semiconductors [1]. DMS materials have emerged as a much researched field due to 
their potential use in spintronic devices. The operation of spintronic devices depend 
on charge and spin of electrons I2]. Practical applications of DMS materials require 
both Curie temperature at/above room temperature, and the ferromagnetic properties, 
which should be intrinsic and not due to the presence of magnetic clusters of dopants 
[3]. Among II—VI semiconductors, ZnO has been considered as one of the promising 
candidates for fabricating DMS, due to its high solubility for TMs and superior 
semiconductor properties. Moreover, ZnO is a wide band gap (3.3 eV) semiconductor 
with a large excitation binding energy of 60 meV, and has potential applications in 
electronic and optoelectronic devices [4]. Despite a large number of studies reported 
on ZnO based-DMS, there is no clear agreement about the nature and origin of the 
ferromagnetism (FM) of DMS, i.e. in some reports the ferromagnetic ordering 
between the widely spaced dopant ions are mediated by spin-polarized itinerant 
carriers [5]. Dietal et al. [61 predicted (theoretically) the existence of high-temperature 
FM in Mn (5%) doped ZnO. The FM in Co-doped ZnO has been reported by Ueda et 
al. [7] also. However, Khare et al. [8] reported the introduction of a large number of 
carriers in Co-doped ZnO have no effect on the FM. The hole-doping-induced 
ferromagnetism was also reported [9]. For some reasons, the FM signal was attributed 
to the presence of metal oxide phases [10], or segregation and the formation of 
metallic cluster like Co clusters [11]. These controversial results suggest that the 
magnetic properties of DMS materials seem to be very sensitive to the preparation 
method and the structure of a material [12]. Furthermore, the occurrence of 
ferromagnetic behavior in pure ZnO nanoparticles without magnetic doping is starting 
discoveries that indicated that the magnetic properties may be not exclusively related 
to the presence of the magnetic ions only but strongly mediated by the point defects, 
such as oxygen vacancies (Vo) [13]. Also it turns the attention to the importance of 
size, shape and the surface defects of nanoparticles. The surface defects like oxygen 
vacancies (Vo) play a critical role in FM of DMS [14, 15]. 
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The Co-doping, i.e., the simultaneous presence of two kinds of TM dopant, 
has drawn attention mainly due to the possibility of using it to tailor the position and 
occupancy of the Fermi energy (EF) of doped DMS materials, and hence enhances the 
FM properties [16, 17]. The present work accounts for the structural and magnetic 
properties of Znq,97.XCrXCoo.o3O (x = 0.0, 0.03, 0.06 and 0.09) nanoparticles 
synthesized through the simple citric-gel method. The Co dopant concentration is kept 
at 3% because of strong tendency to form a secondary phase when Co doping 
concentration is above 5% [181. Cr is an intrinsically nonmagnetic (expect 
nanoparticles Cr02) and does not contribute in FM. Raman spectroscopy and X-ray 
photoelectron spectroscopy (XPS) have been used to study the local defects in the 
nanoparticles, and the presence of oxygen vacancy. Oxidation state and electronic 
structure of the Co/Cr dopant and their interactions have been studied by XPS 
technique. The observed magnetization and its temperature dependence are discussed, 
and the ferromagnetism is explained based on the BMP model where the defects like 
oxygen vacancies mediate magnetic ion interactions. Those defects concentrate at the 
surface of nanoparticles. 
4.2 Results and discussion 
4.2.1 X-ray diffraction (XRD) studies 
Fig. 4.1 shows the XRD patterns of Zn o.9i_XCr,,Cap.o3O (x = 0.0, 0.03, 0.06 and 
0.09) samples. The patterns are found to be in a good agreement with the standard 
peak positions of pure ZnO (JCPDS card no. 36-1451). The patterns reveal the single 
phase nature of the samples without presence of any impurity phase, within the 
sensitivity of XRD technique. All the investigated samples are nanocrystaIline in 
nature with hexagonal wurtzite structure and space group P63mc. The crystallite size 
of nanoparticles has been calculated using Debye-Scherer's formula 
D = 0.97Vacos 0 	 (4.1) 
where D is the diameter of the nanoparticles, is the wavelength of X-ray (1.54178 
A), 0 is the Bragg angle and 13 the line broadening at the full width at half maxima 
(FWHM). Increase of Cr doping concentration (x) decreases the size of the 
nanoparticles from 19.01 nm to 9.40 nm (Table 4.1). The intensity of XRD peaks 
decreases gradually with the increase of Cr doping that may be attributed to the 
Chapter 4 	 Co/Cr Co-doped Zn0 	Page 85 
Ph.D Thesis 	 Rezq Naji A jawfr 
atomic scattering factor, which is equal to the number of electrons in each atom, i.e., 
30 for Zn24, 27 for Coe{ and 24 for Cr3}. So, the replacement of Zn ions by Co and Cr 
ions is expected to decrease the intensity of XRD peaks. 
Zno.~ x Cr 0. 03 Co0 
X-- 0.09 
Lua _J 	O-rr N N r 
x4.03 
x=0.00 
20 30 40 50 60 70 80 90 10 
20 (degree) 
Fig. 4.1: X- ray diffraction (XRD) pattern of Zno.97_.,Cr,,Coo.o3O (x= 0.0, 0.03, 0.06 and 
0.09) samples 
4.2.2 TEM and EDX studies 
TEM images of Zn0.97.74CrCoo.03O (x = 0.0, 0.03, 0.06 and 0.09) samples 
reveal the nano-crystalline structure of the samples. Fig. 4.2 (a-c) shows the 
nanoparticles shapes for the extremes samples x = 0.0 and x = 0.09 respectively. The 
grown nanoparticles possess different kinds of shapes, mostly semi-sphere and nearly 
hexagonal. The average sizes (diameters) determined was about 23.1, 16.9, 15 and 
10.7 nm for the samples (x = 0.0, 0.03, 0.06 and 0.09), respectively, which 
corroborates well with the values of XRD (Table 4.1). The inset of Fig. 4.2 (b) shows 
the high resolution TEM (HRTEM) image of x = 0.03. The distance between two 
adjacent planes is —0.258 nm, which corresponds to the d-spacing of ZnO (0002) 
planes perpendicular to the c-orientation [0001]. The slightly decrease in lattice space 
(d) in the present samples may be due to the substitution of Zn sites by Cr and Co 
~.r 
N 
df C 
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dopant ions, where the ionic radii of Cr3fi (0.075nm) and Coe+ (0.079 nm) are less than 
ionic radius of Znz+ (0.088nm). The selected area electron diffraction (SAED) pattern 
of the grown nanoparticles as shown in Fig. 4.2 (d) inset, which consists of six rings 
corresponding to (100), (002), (101), (102) (110) and (103) planes that match with 
the XRD peaks, and hence confirm further the single phase nature of the samples. 
The energy dispersive X-ray spectroscopy (EDX) spectra show only peaks of Zn, Co 
and 0 elements for x = 0.0 as shown in Fig. 4.3. The presence of Cr peaks can be seen 
in compositions x = 0.03, 0.06 and 0.09. The peak corresponding to Cu is attributed to 
the copper mesh used for TEM measurement. The EDX analysis also confirms purity 
of phase of grown nanoparticles. 
(a) 
Fig 4.2: (a) and (c) show TEM images for samples x = 0.0 and x=0. 09 respectively. 
(b) HRTEMfor x=0.03, the TEM image for x=0.09 and SAED (d) images for x = 0.09 
sample 
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Fig. 4.3: EDX spectra (a) for samples of x = 0.0 and (b) for x=0.09 
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4.2.3 Fourier transforms infrared (FTIR) spectra studies 
FTIR study is carried out to identify any functional groups or adsorbing 
species on the surface of nanoparticles and to detect molecular impurities. The defects 
at the surface of nanoparticles are responsible for the change of many properties. Fig. 
4.4 shows the FTIR spectra for two compositions (x = 0.0 and 0.09) in the wave 
number range of 400-4000 cm-'. The absorption peak at —3400 cm' is due to 
stretching vibration of O-H mode of hydroxide group or interlayer water molecule 
(free or bound) [19]. The O-H mode (3400 cm') appears in all ZnO hexagonal 
structures and is attributed to the nature of polarity of ZnO, where the stacking of 
positively charged Zn2}  and negatively charged OZ- ions in planes perpendicular to the 
c-axis [0001]. So the Zn2+ (0001) plane tends to absorb the hydroxide (OH) ion, and 
02- (0001) plane tends to absorb the hydrogen (H{) ions, which is due to 
electrostatically instability of these planes 1201, and the absorptions would be much 
stronger at the surface of nanoparticles. The peaks at -415 and -620 cm' corresponds 
to the stretching vibration of Zn-O-Zn that agrees with other reports [21]. The ZnO 
stretching mode at 415 cm-' indicates that the transformation from zinc nitrate to zinc 
oxide is completed in the samples annealed at 450 °C. The gradual shift in the 
frequency with Cr and Co doping concentration are caused by the difference in the 
bond lengths that occur when Co and Cr ions are substituted at the position of Zn ions 
in the ZnO lattice. 
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Fig. 4.4: FTIR spectra of Zno.y7CrCoo.o3O (x = QO and 0.09) samples 
4.2.4 UV-VIS absorption spectrum 
Fig. 4.5 shows UV—VIS spectra of as grown nanoparticles. The change 
in absorption peaks with increasing Cr dopant concentration indicates change in band 
structure. The peaks shift toward high energies (blue shift) as Cr increases; 370, 364, 
362 and 361 nm, which correspond to band gap energies 3.34, 3.35, 3.41 and 3.44 eV 
for the samples x = 0.0, 0.03, 0.06 and 0.09, respectively. The change in band gap 
energy may be attributed to the sp—d exchange interactions between the band 
electrons and the localized d electrons of the Coe}, Cr3} ions that replace Znz{ ions 
[22]. The exchange interactions between s—d and p—d orbitals give rise to a negative 
and a positive correction to the conduction band and valence band edges, respectively, 
which result in increase of band gap energy (Eg ). 
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Fig. 4.5: UV VIS Spectra 
4.2.5 Raman spectroscopy 
Raman spectroscopy is a versatile technique for detecting dopant incorporation, 
defects and lattice disorder in a host lattice 123]. In case of doped nanoparticles, the 
surface is modified due to charge transfer between the host and dopant, which changes 
the optical Raman spectra [24]. Fig. 4.6 shows Raman spectra of Zno.97-xCrXCoo.o3O (x = 
0.0, 0.03, 0.06 and 0.09) nanoparticles at room temperature (RT) in the range 250-1300 
cm"'. Two broad and intense peaks are observed; the peak at 574 cm' can be assigned 
to A, longitudinal optical (LO) mode [Al (LO)] which arises by the defects such as 0-
vacancy, Zn-interstitial defect or their complexes 1251. Similar results have been 
reported for (Co, Al) doped ZnO by Wang et al. [26]. The other intense peak at —1135 
cm' is the second order peak of the LO phonon. The intensity of these two peaks 
increases as the Cr doping concentration increases, indicating increase in defect 
concentration, and surface defects which are related to the decreasing size of 
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nanoparticles. The peak at about 434 cm1 can be assigned to the high-frequency band 
of E2 high mode (E2H), which involves the oxygen motion and is characteristic of 
wurtzite structure [27]. This peak is the most intensive peak in pure ZnO, but in case of 
doped ZnO the intensity of this peak is decreased and is shifted toward lower frequency 
side (437 cm) due to structural defect formation and local lattice distortions induced by 
doping [28]. The peak at —329 cm-1 can be assigned to the difference mode between E2 
high and E2 low frequencies [29]. Chen et al. 1301 have ascribed the mode at 664 cm 
in pure ZnO nanostructure to the rrmultiphonon processes [2(E2H E2L)J. In the present 
study, no additional Raman modes are observed for Cc, Cr metal clusters, or cobalt 
oxides such as CoO, Co304 or CrO2. 
ZnO 
A LO 	0.97-x rCO0.030 ( L ) 
	
. 	 x=0.0 	2thA1(LO) 
x-0.03 
x=0.06 
w z 	— x=0.09 
U— 	'4 w ~ w 
as 
C 
400 600 800 1000 1200 
Raman shift (cm') 
Fig. 4.6: Raman spectra of Zn0.97_xCrxCoo.o3O (x= 0.0, 0.03, 0.06 and 0.09) samples 
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4.2.6 X-ray photoelectron spectroscopy (XPS) studies 
The XPS study aims to investigate the electronic structure, oxygen vacancy 
defect and the oxidation states of Cr and Co ions. The XPS spectra of Cr = 6% 
(Zn0.91Cro.Q6Coo.030) samples is shown in Fig. 4.7. XPS peaks of Zn core levels 2p3rz 
and 2p,n are located at —1023.2 and —1046.4 eV, respectively, with a spin—orbital 
splitting of 23.2 eV as shown in Fig. 4.7(a). The binding energy difference is about 
0.14 eV higher than that in pure ZnO [311, which indicates a decrease in valence 
electron density of Zn ions due to the high electronegativity of Co (1.88) and Cr 
(1.66) that are higher than that of Zn (1.65). The valence electron density of Zn in the 
Zn-O-Co or Zn-O-Cr bond in the present sample is lower than that of the Zn-O-Zn 
bond in pure ZnO. The oxygen Is spectrum shows only a single peak (Fig. 4.7 (b)) 
which can be fitted into two Gaussian peaks having different binding energies. The 
peak at 530.6 eV is attributed to 02- ions on wurtzite structure of hexagonal Zn2+ array 
surrounded by Zn atoms with their full complement of the nearest neighbor 02- ions 
[32], while the peak at 531.9 eV is associated with 0'- ions in the oxygen deficient 
regions within the ZnO matrix indicating the presence of oxygen vacancies in the 
samples [32]. The Co 2p peaks are located at —781.63 eV for 2p312 and at —797.28 eV 
for 2p112 with a difference of 15.65 eV Fig. 4.7 (c), this value is close to that of Coe+  
(15.5 eV) and is consistent with Coo [28], indicates that Co ions are in high-spin 
divalent state, and the binding energy is 0.15 eV higher than that of Coe+ due to the 
interaction between Cr, Co ions 1331. No signature for the presence of Co3+ or metal 
cluster Co° corresponding to energy difference of 15.05 eV is seen. The Cr 2p312 and 
Cr 2prnz peaks in the XPS spectra are shown in Fig. 4.7 (d). Based on the Gauss 
fitting, the Cr 2p3/z is centered at 577.68 eV which is different from 574.2 eV of Cr 
metal, and 576 eV of Cr2_", but close to the peak position of Cr3+ 2p32 (-576.7 eV), 
with 0.98 eV higher than that of pure Cr203 [34]. This reveals a decrease in the 
valence electron density of Cr, which may be caused by electron transformation from 
the Cr 3dT states to the unfilled Co 3dJ, states [28, 35]. This interaction could be 
strongly linked with the high-temperature FM in Zn0,91Cr0.06Co4.030 samples. 
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Fig. 4.7: XPS spectra of Zno.9jCr0.d6Co0.03O sample (a) Zn, (b) 0 is (c) Co and (d) 
Cr_ 
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TABLE4.1: Important parameters of Zno.97.. CrCoo_o3O (x = 0.0, 0.03, 0.06 and 0.09) 
samples; size of nanoparticles, and magnetization data which are obtained 
experimentally, and by fitting using BMP model 
Samples Nanoparticles 
Size (nm) 
Expt. Magnetization data. Fitting parameters from BMP 
model 
(x) XED TEM Hc(Oe) MR(emulg) 
x l 04  
Ms 
(em 
g) 
M0(emu/g) meloF"
(emu) 
(x„) 
x 10(cgs) 
0.0 19.1 23.1 62 6.4 0.01 0.012 7.8 0.01 
0.03 15 16.2 85 8.8 0.01 0.012 8 0.02 
0.06 14 15.7 112 21 0.01 0.016 9.4 0.04 
0.09 9.4 10.7 128 23 0.02 0.02 9.6 0.05 
4.2.7 Magnetization studies 
The magnetization (M) of Zn0.97.. Cr.Coo.o3O (x=0.0, 0.03, 0.06 and 0.09) 
samples are plotted as a function of of the magnetic field (H) at room temperature 
(RT) as shown in Fig. 4.8. The diamagnetic contribution from the sample holder has 
been subtracted from the data. The samples exhibit well-defined hysteresis loops that 
are indicative of room-temperature ferromagnetic (RTFM) behavior. The inset of 
Fig. 4.8 depicts the coercive field and remanent magnetization of Zn0,97Coo,o3O 
sample which shows RTFM with coercive field He = 62 Oe, remanent magnetization 
(MR) = 6,4x104 emu/g, and a saturation magnetization (Ms) = 0.012 emu/g 
(Table 4.1). The magnetization increases with increasing Cr doping concentration (x). 
Where in case of Zno.94 Cr0.03Coa.03O, the He is equal to -85 Oe and the 
MR 8.8 x10-4 emu/g. The Ms of the samples is found in the order of 10 3 emulg. The 
small coercivity and small area under the hysteresis loop characterize these materials 
as soft ferromagnetism, and these observations are consistent with other reports for 
TM doped ZnO-based DMS [36]. 
Fig. 4.9 shows the temperature dependent magnetization curves, during zero 
field cooling (ZFC) and field cooling (FC) in an applied magnetic field of 500 Oe. 
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The samples x = 0.0 and 0.06 show no ferromagnetic transition in the temperature 
range 10-300 K. The magnetization increases with decreasing temperature and a rapid 
increase occurs at low temperature (-25 K). The behavior is similar to paramagnetic 
one. However, the non-zero remanent magnetization at room temperature and rapid 
increase of magnetization at low temperature indicates existence of FM. Furthermore, 
the sample x = 0.06 exhibits small divergence between the FC and ZFC curves at 
around 295 K, which indicates presence of RTFM. This behavior is characteristic of 
all DMS materials and may be related to the structural defects and possible fraction of 
weakly coupled/uncoupled Coe+ ions [37], or it may due to coexistence of FM and 
AFM phases. 
0.03 
v~ 0.02 
00.01 
C 
00.00 
M N 
-0.02 
-0 
o~ 0 
o• 
He=62 	e 
-10000 -5000 0 5000 10000 
Applied Magnetic Field (Oe) 
Fig. 4.8: The M—H curves for Zno. y7_.CrxCoo.03O (x= 0.0, 0.03, 0.06 and 0.09) samples 
at 300 K The inset shows enlarged view of the curve for x = 0.0, near H = 0 KOe 
demonstrating hysteresis loop along with the He and MR 
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Fig. 49: M-T curves; (a) for x=0 and (b) for x=0. 06  in zero field cooling (ZFC) and 
field cooling (FC) mode 
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The origin of the observed RTFM in the present samples may also be thought 
due to secondary phase formation of Co metallic cluster, or metal oxide CoO or Cr02. 
However, CoO phase is ruled out easily because CoO is AFM with small positive 
susceptibility having Neel temperature (TN) -293 K, while Co cluster or Cr02 are 
known as FM, but Co concentration in the samples is small (3%), and the annealing 
temperature of the samples was 450 °C in air. So, possibility of formation of Co 
metallic clusters is denied. Further, no sign for the presence of Cr02 phase has been 
seen by XRD, XPS or Raman spectra within the sensitivity - of these techniques. 
Therefore, the transition metals play a key role to the observed FM at RT, where XPS 
and UV show an interaction between Cr and Co dopants. So, the FM in the present 
samples is intrinsic and is expected to arise from the exchange interaction between 
dopant ions mediated by defects like oxygen vacancy. Furthermore, the interactions of 
localized electrons mediated by Vo lead to align the spin of these electrons parallel as 
spin up or spin down. In bound magnetic polaron (BMP) mechanism for transition 
metal oxides, the defects come from the oxygen vacancy which could catch one 
itinerant electron to form a hydrogen-like orbit with a finite radius. When the defects 
increase to a critical amount, the orbits overlap to form a narrow impurity band. The 
doped magnetic ions within the radius coverage correlate through the impurity band 
electrons to become ferromagnetic [38]. In the present study, the oxygen vacancies 
have been detected by XPS and Raman spectra, which are generated on the surfaces 
of the nanoparticles. According to BMP theory, when the concentration of surface 
defects exceeds the percolation threshold, the surface defects can overlap many 
dopant ions as well as adjacent defects, inducing a ferromagnetic coupling between 
dopant spins. Thus, we can speculate that the Co ions at surface of the nanoparticles 
can be ferromagnetically coupled and mediated by oxygen vacancies. While in the 
core of nanoparticles, a few Coe}  ions only contribute in the ferromagnetism, due to 
the insufficiency of oxygen vacancies in the core of nanoparticles [39]. 
In nanostructures, most of the atoms, ions and defects exist on the surface. 
More oxygen vacancies lead to more Coe{ Vo-Co2 groups, which increase the 
ferromagnetism in the system [40]. To confirm the suitability of the BMP model for 
the explanation of the observed FM, we have fitted the M-H curve to the BMP model 
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by following Chiorescu et al. 1411. According to the BMP model, the measured 
magnetization can be fitted to the equation: 
M= M0L(x) + UH 	 (4.2) 
where the first term represents the contribution of BMP and the second term 
represents the paramagnetic matrix contribution. Here Mo = Nms, N is the number of 
BMPs involved and ms is the effective spontaneous moment per BMP. 
L(x) = coth(x) —I/x is the Langevin function with x=me ffH/ (kBT), where meff is the true 
spontaneous moment per BMP, and at higher temperature it can be approximated to 
ms 
 
= meff.  
0.005 
m 
0.010 
0.000 0  
0.016 
2000 	4000 	6000 	8000 	10000 
Applied Magnetic Field (0e) 
Fig. 4.10: the M-H curve for the experiment data (dots), which is match with BMP fit 
model (the solid line,) for the sample ofx=O. 0 and 0.09 
Chapter 4 	 Co/Cr Co-doped Zn0 	Page 99 
Ph.D Thesis 	 Rezq Naji Aljawfi 
The M H curve has been analyzed by using Eq. (4.2). The values of Mo, me ff 
and X,, are determined from the fitted data. The experimental as well as fitted values 
are shown in Table 4.1. It is seen that fitted values are close to that of experimental 
values, which confirm the suitability of BMP model to explain the observed FM. 
Fig. 4.10 shows the M-H curve and the fitted solid line (samples x = 0.0 and 0.09). 
The total BMP magnetization Mo value is in the order of 10"3 emu/g, which increases 
as Cr doping increases. The paramagnetic susceptibility Xm is found to be in the order 
of 10-5 and increases with increasing Cr doping. The spontaneous moment per BMP 
(meff) is found to be in the order of 14-" emu. 
The magnetization of the samples is found to be increased with increasing Cr 
doping that may be due to decrease in the size of nanoparticles or may be due to the 
interaction between Cr-Co ions. Yan et at. 1421 reported the FM of Zn(Co)O thin 
films increase with increasing Cr dopant concentration, and they explained that the 
Cr codoping compels the Co atoms to deviate from its neutral charge state due to the 
interaction between Coe+ and Cr3-*  induced impurity bands. 
In the present work, the XPS study shows an interaction between Cr-Co and 
transfer of some electrons from Cr (3d) to unfiled Co (3d) electron state, which may 
create unpaired electrons in the 3d band that leads to enhance the FM in the system. 
Another possibility may be that the unpaired localized electrons in 3d state of Co 
dopant interact with each other. According to mean-field model, the FM is arising 
from indirect interaction between Co ions mediated by defects, like oxygen vacancy, 
while the direct interactions between Co-Co ions leads to antifer omagnetic 
properties, and there is always a competition between FM and AFM, which leads to 
the smaller saturation magnetic moment than that of the theoretical spin value of 
3µ$ for tetrahedral Coe+ [431. Therefore, it can be concluded that Cr doping may 
reduce the Coe+ assembling and also the probability of direct interactions, which 
further reduces the AFM coupling of neighboring Coe+ ions. 
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4.3 Conclusions 
Single phase nanoparticles of Zni_gCrxCbD.o3Q (x = 0.0, 0.03, 0.06 and 0.09) 
through citrate-gel method has been prepared. X-ray photoelectron spectroscopy 
(XPS) and Raman studies confirmed the presence of oxygen vacancies, which are 
believed to promote the RTFM in the grown nanoparticles. The samples show 
ferromagnetic hysteresis loop with saturation magnetization of the order of 10-3  
emu/g, which increases as the doping Cr content increases. The observed 
ferromagnetic behavior is an intrinsic characteristic of the samples not by any 
impurity phase and has been explained on the basis of bound magnetic polaron 
mechanism, where the ferromagnetic ordering arises due to indirect interaction 
between localized electrons of Co (3d) ions mediated by defects like oxygen vacancy 
(Vo). M-H results have been fitted well with the BMP model. So, the BMP model 
_give good approach for explanation the ferromagnetism in DMS system. 
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Chapter 5 
PROPERTIES OF Co/Ni CODOPED ZnO 
BASED NANOCRYSTALLINE DMS 
In this chapter, structural optical and magnetic 
properties of Co /Ni codopeizinc ori6e, Synthesized 6y 
the so(—geC method lave been studied X-ray diffraction  
(Xcp,, l717 V 2—vis spectroscopic and magnetization 
measurements are used, and magnetization data reveal 
the presence of room temperature ferromagnetism 
(l  F41). The XPS studies show the oxj ation states of 
Co and EI are Co2{an1 Nil, respectively. Moreover, 
XcPS 0 is spectra show evidence of the presence of 
orjgen vacancy in the ZnO matrrx 
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5.1 Introduction 
Diluted magnetic semiconductor (DMS) is referred to a semiconductor in . 
which a small fraction of host cations are replaced by transition metal ions (TMI) as 
magnetic elements [1]. In recent years, great efforts have been devoted to the 
investigation of DMS due to their potential application in spintronic devices [2] for 
which the basic requirements are room temperature ferromagnetism (RTFM) and 
good optical transmittance. Zinc oxide (ZnO) is an attractive semiconductor for 
numerous applications and a building block material for many advanced device 
technologies because of its large band gap (3.35 eV) at room temperature. It has large 
excitonic binding energy (60 meV), optical transparency, chemical stability, hardness 
and piezo-electric properties 15, 6]. Doping of ZnO with magnetic ions such as Fe, 
Co, Ni, etc introduces magnetic properties forming DMS [7]. Dietl et al. [3] have 
predicted that p-type ZnO-based DMS may exhibit RTFM. Later, it is also suggested 
theoretically that the RTFM may also exist in n-type doped ZnO systems ii, 4] . These 
findings prompt the intense investigations on ZnO-based DMS. Ferromagnetism in 
TMI doped ZnO is proved by theoretical calculations and experimentally RTFM has 
been reported in V-, Co-, Ni-, Fe-, Cu- and Mn-doped ZnO systems [8]. Though there 
are many reports on structural, optical, and magnetic characteristics of TMI-doped or 
co-doped ZnO, the origin of RTFM in DMS materials is not understood completely. 
There are still some reports showing no indication of RTFM or suggesting the 
presence of secondary phases as the origin of RTFM in DMS [9]. A number of studies 
indicate that the RTFM may originate from the precipitation of magnetic clusters or 
from the secondary magnetic phases [10]. Some of these are valuable contributions to 
the magnetization mechanism in the DMS system. For example, Cr/Co doped ZnO 
thin film have been studied by Yan et al. [11] who show that Zno,92Co0.080 film 
consists of substitutional Co ions and Co metallic clusters. But in the case of co-doing 
of Co and Cr, the Co metallic clusters and all the Co ions located at Zn sites 
disappear. Therefore, the co-doped Cr plays an important role in mediating the atomic 
distribution of Co ions in ZnO lattice. Lathiotakis et al [12], have demonstrated that in 
co-doped Zn(Co,Cu)O, the Cu} ions act as superexchange mediators by causing a 
remote delocalization through the hybridization of the Cu d3z2-? spin majority state 
with the Op states. 
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Pure ZnO in nanoscale exhibits ferromagnetic properties due to the presence 
of oxygen vacancy in the surface of nanoparticles 113]. This underscores the fact that 
the magnetization is not necessarily resulting from Co metallic culster in DMS. Since 
the intrinsic defects form donor states in ZnO, it is concluded that (Zn,Co)O and 
(Zn,Ni)O are promising candidates for high transition temperature (T,) ferromagnetic 
materials [14]. Stirred from the above mentioned facts, it would be quite interesting to 
synthesize and investigate the properties exhibited by Co and Ni co-doped ZnO. The 
present article reports the effect of Co/Ni co-doping on structural, optical and 
magnetic properties of ZnO based DMS in the series of Zno.9Coo.1-XNiXO (x = 0.0, 
0.03, 0.06 and 0.09) which are synthesized by sol-gel method with annealing 
temperature of 500 °C. The total percentage of dopants (Co/Ni) is kept constant at 
10%. Only Ni doping gives rise to secondary phases. The samples show RTFM. Ni 
and Co have been chosen as doping elements since these are important transition 
metals with ionic radii close to that of Zn2{. It leads to an easy incorporation of Nit+  
and Coe+ ions into the ZnO Iattice. 
5.2 Results and discussion 
5.2.1 X-ray diffraction 
Fig. 5.1 shows the XRD pattern of Zn,9CoQ,1_,,NixO (x = 0.0, 0.03, 0.06 and 
0.09) samples. The patterns are found to be in good agreement with the standard peak 
positions of ZnO (JCPDS card No. 36-1451). These peaks reveal that all the 
investigated samples are nanocrysalline powder of hexagonal wurtzite structure 
(space group P63mc). The diffraction peak at 43.125
0 
 (200) is attributed to NiO 
(JCPDS card No. 78-0643). It begins to appear in sample with x = 0.06 (Co = 4% and 
Ni = 6%) and grows in intensity with the increasing x. Therefore, the formation of 
NiO may be from un-reacted Nia+ ions present in the solution at high doping 
concentration. This gives the limit of solid solubility of Ni in the ZnO crystal lattice. 
It has already been found that Ni can dissolve less than 5 at. % into ZnO matrix [16]. 
The relatively higher annealing temperature (500 °C) also enhances the formation of 
NiO. 
Calculation of lattice parameters (Table 1) and indexing of the diffraction 
peaks of all the samples are done by using the PowderX diffraction refinement 
programme. No significant change in the values of lattice parameters `a' and `c' is 
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observed with the variation of (Co/Ni) doping as the total concentration of (Co/Ni) is 
kept at 10 %. Furthermore, the values of lattice parameters for all the samples are 
close to the standard values of ZnO lattice parameters. The result is consistent with 
the fact that the ionic radii of Coe} (0.72 A) and Nit (0.69 A) are close to that of Zn2~' 
(0.74 A). The XRD results indicate that the Coe* and Nit{ ions are incorporated into 
the ZnO lattice and replace Zn2+ sites without changing the wurtzite structure. The 
size of nanoparticles has been calculated using Debye - Scherer's formula: 
D = 0.9A,/l3cosb 	 (5.1) 
where D is the diameter of the nanoparticles, ?, is the wavelength of x-ray (1.54178 
A), 0 is the Bragg angle at the full width and half maxima (FWHM) on the highest 
peak, of plane (101) which is at —20 = 36.27'. The average of nano crystalline size is 
found to be 19.31- 25.71 rim. The cluster and secondary phases are a concern in any 
DMS system as a source of magnetism. The NiO can be considered as an extrinsic 
magnetic source, but it is AFM and no Co metallic cluster or CoO is detected in all 
the samples within the sensitivity of the present XRD technique. 
20 30 	50 80 70 80 90 100 
20 (degree) 
Fig. 5.1: X- ray diffraction (XRD) pattern of Zno.9Coo.j -NiO (x = 0.0, 0.03, 0.06 and 
0.09) samples 
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5.2.2 Optical absorption spectra 
Uhraviolet-visible (UV—VIS) optical absorption spectra have been recorded at 
room temperature in the wavelength range of 250-800 nm as shown in Fig. 5.2. Red 
shift in the absorption edge is observed in the samples with the variation of the Co/Ni 
dopants. The direct band gap energy (Eg) is calculated using the Tauc equation: 
(ahv)2 = B (hv — Eg)1"2 	 (5.2) 
where hv is the photon energy, a is the absorption coefficient and B is a constant. The 
(ahv)2 plotted as a function of by is displayed in Fig. 5.3. Values of Eg are obtained by 
extrapolating the straight he down to (ahv)2 = 0 and are found to vary from 3.22 to 
3.28 eV (Table 2). It is well known that the E9 of pure ZnO is 3.35 eV at 300 K [5, 61. 
Therefore, the absorption edge of Zn0_9Coo.10 (x = 0.0) sample shifts towards lower 
energy —3.28 eV (Red shift). This shows that the Coe+ ions have got incorporated into 
the lattice structure of ZnO. This is interpreted as mainly due to the sp—d exchange 
interactions between the band electrons and the localized d electrons of the Coe+ ions 
that are substituting Zn2+ ions [I7], 
Zn Co NiO ae o.7-X : 
—•— x0.03 
—I— x=0.06 
—U— x=0.09 
0 1.0 
0 
0.8 
a 0.6  
OA 
0.2 
0.0 300 400 500 SOD 700 800 
Wavelength (nm) 
Fig. 5.2: Room temperature optical absorption spectra of Zno 9Coo 1_1NiiO (x = 0.0, 
0.03, 0.06 and 0.09) samples 
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Fig. 5.3: The (ahv) 2 vs. binding energy plots for Zno.9Coo.1,NiO samples with x = 0.0 
(a), 0.03 (b), 0.06 (c) and 0.09 (d). The band gap energy (Eg) is determined by 
extrapolating the straight line and taking the intersection with x-axis 
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The exchange interactions between s—d and p—d orbitals give rise to a negative and a 
positive correction to the conduction band and valence band edges, respectively, 
resulting in a decrease in band gap [17, 18]. By increasing Ni and decreasing Co 
dopants, the band gap energy varies and less than that of pure ZnO (Table 2). This 
reveals that the Ni and Co ions are incorporated into the Iattice sites. A direct—indirect 
transition has been proposed by Rakhshani et al. 119] to explain the band gap 
narrowing effect. Many groups have suggested that the alloying effect of parent 
compound with some impurity phases may be responsible for the band gap narrowing 
[20]. 
5.2.3 FTIR spectra 
Fourier transform infrared (FTIR) spectra were recorded in the range of 400-
4000 cm 1 for all samples. Fig. 5.4 displays the N TIR spectra for the extreme two (x = 
0.0 and 0.09) samples. Inset of Fig. 5.4 shows the enlarged view of spectrum of x = 
0.9 sample between 400-600 cm .The distinct absorption band for ZnO appears 
around 464 cm. The position and number of absorption bands not only depend on 
crystal structure and chemical composition but also on particle morphology [21, 22]. 
Studies concerned with this morphology dependency have shown that in case of 
spherical ZnO particles, calculated as well as measured spectra show one distinct 
absorption peak around 464 cm 1 [23]. Reference spectra of ZnO powders often 
demonstrate two absorption maxima at -5I2  cm 1 and —406 cm i 1 [24]. In the present 
investigation, FTIR spectra of the samples illustrate the characteristic peaks in the 
range of 420-620 cm 1 (inset of Fig. 5.4), and are corresponding to the stretching 
vibration modes of Zn—O [25]. The Zn-O stretching mode appears at 425 cm t, 
indicating that the transformation from zinc nitrate to zinc oxide is completed in the 
samples annealed at 500 °C. The bands occurring near 762 and 832 cm' are 
attributed to the vibrations of Zn-O—Ni local bonds and defect states respectively. 
Absorption bands observed in the ranges of 600-680 cm J1  and 430-470 cm I are 
attributed to the stretching modes of Zn—O [26-28] in the tetrahedral and octahedral 
coordination, respectively. The gradual shift in the absorption frequency with 
different Co/Ni doping is caused by the difference in the bond lengths that occurs 
when Co + and Ni + ions replace Zn2+ ions, and confirm the incorporation of Co and 
Ni into ZnO lattice structure. 
Chapter 5 	 Co/Ni Co-doped ZnO 	 Page 111 
Ph.D Thesis 	 Rezq Naji Aljawi 
120 
105 
90 
75 
60 
V 45 
E 30 
F- 
15 
~.1 
Zn Co Ni 0 
o.B 0.7-x x 
X0.09 
-x=0_0 
X=0.09 
V 	 I 	 S 
555111 
to 
6W 	500 	450 	100 
O-H 
C=0 
4000 3500 3000 2500 2000 1500 1000 500 
Wavenumber (cm 1) 
Fig. 5.4: FTIR spectra of Zn0.9Co0.1_.Nix 0 (x = 0.0 and 0.09) samples in the wave 
number range of 400-4000 cm"1. The inset shows the absorption peaks for ZnO in the 
range of 400-600 cm 
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5.2.4. X-ray photoelectron spectra 
The XRT) patterns exclude the formation of secondary phases in samples 
except minor NiO phase at high Ni concentration. However, the nano-clustering ofNi 
and Co atoms are concerned as a source of magnetization. Therefore, XPS study was 
performed on the sample with x = 0.03 (Zno.9Coo.o7Nio.o O). The XPS aims to 
investigate the oxidation states of ions present in the sample. The peaks of Zn in XPS 
spectrum are shown in Fig. 5.5 (a), The two peaks are located at 1024.5 and 1047.7 
eV, which correspond to the binding energy of core levels 2p3a and 2p1(2, 
respectively. The energy difference is 23.2 eV which coincides with the findings for 
Zn2+ bound to oxygen in the ZnO matrix [291. The oxygen is spectrum shows only a 
single peak that can be fitted into two Gaussian peaks having different binding energy 
positions as shown in Fig. 5.5 (b). The peak centered at 530.97 eV (the lower binding 
energy) in the O l s spectrum is attributed to 02" ions on wurtzite structure of 
hexagonal ZnO [30]. The peak centered at 532.31 eV (the higher binding energy) is 
associated with 02- ions in the oxygen deficient regions within the matrix of ZnO 
[30]. This indicates that there are some oxygen vacancies in the sample [31]. 
TABLE5.1: Lattice parameters, unit cell volume and particle size of the Zn0.9Co0.!_ 
xNix 0 (x = 0.0, 0.03, 0.06 and 0.09) samples. 
Samples a = b (A) c(A) c/a Unit cell volume 
(A3) 
Size of particle (nm) 
x 	0.0 3.2495 5.2030 1.6011 47.5792 23.6 
x = 0.03 3.2490 5.2050 I.6020 47.5828 25.71 
x= 0.06 3.2493 5.2055 1.6020 47.5874 22.27 
x= 0.09 3.2490 5.2050 1.6020 47.5828 19.31 
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Fig. 5.5: XPS spectra of Zn0_9Co0.o7Ni0.03O sample for (a) Zn, (b) 0 Is with two 
Gaussian peaks, (c) Co and (d) Ni 
The valence states of cobalt in the system are shown in Fig. 5.5 (c). The Co 2p 
peaks are located at —782.36 eV for 2p3/2 and at -797.75 eV for 2p1/2 electrons. 
Lakshmi et al. 1321 have reported the value of difference in binding energy to be 
15.05 eV for pure Co metal and 15.5 eV for Coe+ ions. For the present sample, the 
energy difference is found to be —15.39 eV which is close to that of Coz+. Therefore, 
we suggest that the Co ions exist in the +2 valence state within the matrix of ZnO. 
Neither Co cluster metal nor CoO was detected, within the resolution of the technique. 
XPS spectra of Ni 2p3/2 and Ni 2pvrm in the ZW0.9Coe.n7Nio.o3O nanocrystalline powder 
is displayed in Fig. 5.5 (d). The peak of Ni 2p32 is located at 855.4 eV which is 
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associated with Niz+ ions in the sample [331. It indicates that the Nit ions are 
substituted for the Zn2+ ions in the ZnO lattice. 
5.2.5. Magnetic properties 
Fig. 5.6 illustrates the magnetization versus applied magnetic field (M-H) 
curves of Zn0.9CooNi.,O (x = 0.0, 0.03, 0.06 and 0.09) samples at room temperature. 
The inset of Fig. 5.6 displays the hysteresis curve for xx 0.06 sample. All other 
samples show similar behavior. The hysteresis Ioops indicate that all samples have 
weak RTFM. For the sample of x = 0.0 (Zno.9 Coo.iO), the observed He is -53.80 Oe, 
the remanent magnetization MR is -2.87x10 4` emu/g and the saturation- magnetization 
Ms is -14.7x10"3 emu/g at 10 K Oe. For Zna.9Co0.07Ni0.D3O (x = 0.03) sample, the 
magnetization increases as compared to x = 0 sample and shows very clear hysteresis 
loop. This can be attributed to the reduction of AFM interaction between Coe`+- Co2~ 
ions. The co-doping of Ni ions in the samples effectively hampers the formation of 
metallic clusters, suggesting that it mediates the distribution of Co ions in the ZnO 
host. The samples with x = 0.06 and 0.09 show a decrease in magnetization where an 
appearance of NiO secondary phase is observed (Fig. 5.1). The bulk NiO is 
antiferromagnetic with a Neel temperature (TN) of -520 K [17] and the 
nanaocrystalline NiO shows weak ferromagnetic or super-paramagnetic (SPM) 
behavior at low temperature [18]. 
Fig. 5.7 (a) and (b) illustrate M-T curves for samples of x = 0.0 and 0.06, 
respectively during zero-field cooling (ZFC) and field cooling (FC) modes in an 
applied magnetic field of 1000 Oe. The insets demonstrate the inverse magnetic 
susceptibility (f') plotted as a function of temperature (T). The ZFC and FC curves 
do not show ferromagnetic transition in the temperature range of 10-300 K. The 
magnetization increases with the decrease in T and the rapid increase occurs below 60 
IC This behavior is similar to paramagnetic one. However, the remanent 
magnetization at room temperature and the rapid increase of magnetization at Iow 
temperature can be considered as ferromagnetic properties. No difference between 
ZFC and FC in sample of x = 0.0 is observed in Fig. 5.7 (a), while the sample with x 
= 0.06 in Fig. 5.7 (b) displays small disparity between ZFC and FC curves which 
indicates the presence ofantiferromagnetic properties. Inverse magnetic susceptibility 
(y) is given by 
x I = (T-9)IC 
	
(5.3) 
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Fig. 5.6: the M H curves for Zno.jCo0j1NiO samples (x = 0.0, 0.03, 0.06 and 0.09) 
samples at 300 K The inset shows the clear hysteresis as well as He and MR for the 
sample ofx = 0.06. Other samples also show similar behavior. 
where T is the absolute temperature, 0 is the Curie-Wises temperature and C is the 
Curie constant. The linear fit of the (x'-T) curves show negative Curie-Weiss 
temperature (0 — -62 and -174 K for x = 0.0 and 0.06 respectively). The negative 
value of 0 is usually observed in the case of local atomic antiferromagnetic 
interaction. However, the magnetization does not become zero and the hysteresis loop 
shows FM at room temperature. This may be interpreted as an indication that only 
minor Co spins are ferromagnetically coupled and the predominant Co spins remain 
uncoupled or even antiferromagnetically coupled [34]. Effective magnetic moment µ 
can be calculated from the molar magnetic susceptibility as given by 
x =Np2g.2/3kT 
	
(5.4) 
where 3 is the Bohr magneton and k is Boltzmann's constant. N is the number density 
of doping ions. Substituting the values of N, R and k, we may get p as 
t=2.827  (XT)' n = 2.827 Ca 9B 	 (5.5) 
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where the Curie constant C can be obtained from the slope of x 1 vs. T curves using 
Eq. 3. The calculated value of p. for sample of x = 0.0 is found to be 2.47µB which is 
smaller than the value of 
TABLE5.2: Band gap energy and magnetization parameters of Zno.gCoo.i-XMx 0 (x = 
0.0, 0.03, 0.06 and 0.09) samples. 
Samples Band gap 
energy (eV) 
He 
(emu/g) 
MR 
(emu/g) 
M, 
(emu/g) 
MR/MS 
(%) 
x=0.0 3.28 53.80 2.87 x10 14.7X10" 1.9 
x=0.03 3.26 70.78 15.7xI0 14.9x10" 10.5 
x = 0.06 3.22 59.79 3.5 X 10 1.36x10 25.7 
x=0.09 3.25 78.61 3.65X10 8.1X10" 4.5 
spin magnetic moment of Coe+ ions (-3.87 µs) in tetrahedral symmetry. It confirms 
that all Co ions do not contribute to the magnetization of the sample. For x = 0.06 
sample, the value of u is 2.39 p.B which is also smaller than the effective magnetic 
moment of Coe{ (" 3.87 µ$) and Nit+ (-2.83 p.$). 
Though the secondary phases are a concern in any DMS system as a source of 
spurious magnetic signals, the origin of ferromagnetism in the present system cannot 
be attributed to the formation of secondary phases. The possible secondary phases 
may be Co metallic cluster, CoO or NiO. But CoO and NiO are antiferromagnetic 
with small positive susceptibility having TN - 293 and - 520 K, respectively. The Co 
metallic cluster can provide the dominant source of the ferromagnetism 1351. 
However, the XRD and XPS data do not support the presence of Co metal in the 
samples within the sensitivity of XRD and XPS. Therefore, the possibility of 
ferromagnetism due to Co metallic cluster can be ruled out in the present study. 
Chapter 5 	 Co/Ni Co-doped ZnO 	 Page 117 
Ph.D Thesis 	 Rezq'Naji Aljawfl 
0.05 
(a) Zn Co 0 0.9 0.1 pro 
• 6x10 0.04 
.-. 4KW 4 
3x10 
0.03 
ano E 
0 
0.02 
0 	 0 W 100 ISO 200 250 300 
Tapsdue(1Q 
N 
0 
M 
0.07 
ZFC 	FC 
M 
0.00'- 
0 50 	100 	150 	200 	250 	300 
Temperature (K) 
0.05 
0.04 
E 
S 0.03 
'S  
O 0.02 
as 
c 
g 0_01 
0.00 
(b) Zno.sCc0.wNi o 0.06 
aa1 
~a.sd 
10[10 
0.0010 
e m 150 150 ZOO 250 
T550.o [+n 
',— us FC 
I ZFC 
0 	50 	100 	150 	200 	250 	300 
Temperature (K) 
Fig. 5.7: M—T curves for x = 0.0 (a) and 0.06 (b) samples in zero-field cooling 
(ZFC) and field cooling (FC) modes at a magnetic field of 1000 Oe. The insets show 
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The weak RTFM cannot be explained by Ruderman-Kittel-Kasuya-Yosida 
(RKKY) theory [36]. According to this theory, the magnetization is due to exchange 
interaction between local spin-polarized electrons of Coe ions and conduction 
electrons. The interaction leads to the spin-polarization of conduction electrons. 
Subsequently, the spin-polarized conduction electrons perform an exchange 
interaction with local spin-polarized electrons of other Coe+ ions. Consequently, the 
long-range exchange interactions lead almost all the Coe+ ions to have same spin 
direction. The conduction electrons act as media for the interaction among the Coe*  
ions, where the free carrier is a necessary condition for the appearance of 
ferromagnetism. But for confirming the existence of free carriers we have studied the 
resistivity of the samples which is found to be very high (105-107 ohm cm). This 
indicates to a very low carrier concentration in the present samples. A defect mediated 
ferromagnetism model based on the bound magnetic polaron (BMP) theory has been 
predicted theoretically [37, 38] and confirme experimentally [39, 40]. For instance, 
surface defects have been implicated to be essential for the generation of 
ferromagnetism in oxide DMS [39, 41]. In the present study, the oxygen vacancies 
have been detected by XPS and would likely be generated on the surfaces of the 
nanoparticles. According to BMP theory, when the concentration of surface defects 
exceeds the percolation threshold, the surface defects can overlap many dopant ions 
as well as adjacent defects, inducing a ferromagnetic coupling between dopant spins. 
Thus, we can speculate that the Co ions at surface of the nanoparticles can be 
ferromagnetically coupled and mediated by oxygen vacancies. If the ferromagnetism 
arises from the surface Coe+ ions, only a few of them may contribute to the 
ferromagnetism because most of Coe}  ions reside in the core of the nanoparticles. 
However, due to the insufficiency of oxygen vacancies in the core of the 
nanoparticles, these Coe}  spins are distributed as uncoupled spins or mediated through 
oxygen ions [34, 42]. The enhancement in magnetization by codoping of Ni and Co 
may be due to Ni-induced acceptor state Localized within the gap region, which 
reduces the acceptor mobility. Oxygen vacancies (Vo) have also been proposed to 
play a significant role for the origin of ferromagnetism in oxide DMS [38]. An 
electron locally trapped in Vo occupies an orbit and overlaps the d shells of Co24 
neighbors. This has an important role on the spin orientations of neighboring Coe+  
ions. Based on the Hund's rule and Pauli's exclusion principle, spin orientations of 
trapped electrons and neighboring Coe+ ions should be parallel in the same direction 
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and the ferromagnetism is achieved. More oxygen vacancies lead to more 
CoetVo-Co2+ groups, which increase the ferromagnetism in the system [431. 
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5.3 Conclusion 
Nanoparticles of Zno.9Coo.i_gNi,,O (x = 0.0, 0.03, 0.06 and 0.09) DMS were 
synthesized by sol-gel method with annealing temperature of 500 °C. XRD pattern 
reveal that all investigated samples are nanocrysalline powder of hexagonal wurtzite 
structure (space group P63mc). The average of nanoparticles' size is 19.31 - 25.71 
nm. FTIR and UV visible spectroscopic data show the evidence for the incorporation 
of Coe+ and Nit ions into the nonmagnetic host of ZnO lattice without any 
modification in the structure. The band gap energy decreases with the increase ofNi 
and decrease of Co dopants concentration. The RTFM have been presented in terms 
of vacancy in the frame of BPM model, where the Co ions at surface of the 
nanopartieles can be ferromagnetically coupled and mediated by oxygen vacancies. 
Because of low carrier concentration in the system, we cannot use the RKKY theory 
to explain the RTFM. As there is no Co metaIIic cluster in the present DMS, the 
cluster as source of ferromagnetism is ruled out. 
1 
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Chapter 6 
EFFECT OF THE ANNEALING 
TEMPERATURE ON THE STRUCTURAL 
AND MAGNETIC PROPERTIES OF PURE 
ZnO NANOPARTICLES 
In this chapter, the effect of annealing temperature 
on the structural and magnetic properties of the unrfoped 
ZnO nanoparticfes (MPs) synthesized using soC-get route 
has been studied. X-ray dffraction (XD) (Patterns confirm 
the single phase, a typical wurtzite structure, in a/C the 
samples. CiystalTfite sizes are found to increase with 
increasing the annealing temperature. The defects and the 
presence of oxygen vacancies have been estimated through 
T oto(uminescence (PL) and Raman spectroscopy. Tffiese 
samples exhibit room temperature ferromagnetic (RST4nl) 
behavior. Saturation magnetization (!TM) value decreases 
grarivatty with increasing the annealing temperature. Our 
results show that ferromagnetic ordering in ZnO .MPs 
is intrinsic and has 6een inIuced via surface defects 
(ke oxygen vacancy. 
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6.1 Introduction 
Recently, zinc oxide (ZnO) has been extensively investigated due its unique 
characteristics, like direct wide band gap energy (3.37 eV), high electron mobility, 
strong room-temperature luminescence and controversial RTFM [1]. ZnO is vital for 
wide range of applications in electronic and optoelectronic devices [2]. Along with 
pure ZnO diluted magnetic semiconductors (DMS) based on ZnO have been also 
studied intensively because of their promising applications in spintronic devices, 
mainly due to possibility of simultaneous tuning of charge and spin [3, 4]. 
Nevertheless, experimental as well as theoretical studies performed on transition 
metal ions (TMI) doped ZnO based DMS are not very consistent. Observed magnetic 
properties are quite diverse. In fact, despite major developments in synthesis and 
characterization methods, the magnetism in the wide-gap semiconductors remains one 
of the most controversial topics in the condensed-matter physics [5]. Models 
explaining magnetism in DMS assumes coupled and exchange interactions between 
electrons of dopants mediated via electrons or holes of the host materials. On the 
other hand the occurrence of RTFM in the pure ZnO nanoparticles without any 
unpaired d or f electrons was surprising. This turns the attention to the importance of 
the size, shape and the surface defects of the pure ZnO nanoparticles. The defects like 
oxygen vacancy (Vo), Zinc vacancy (Vzn) and Zinc intensities (Zni) have been 
claimed to be responsible for the ferromagnetic behavior in the pure ZnO [6, 7] . So, it 
is important to perform the systematic studies employing the methods which are 
capable of turning the defects in pure ZnO. In the present work the structural and 
magnetic properties of pure ZnO annealed at various temperatures 250, 500, 750, 
1000 and 1250 °C have been studied. Discussions will be based on mainly three 
samples, annealed at 500, 750 and 1000 °C,which from here on will be denoted as ZI, 
Z2 and Z3 respectively. 
6.2 Results and discussion 
6.2.1 Structure and morphology 
The Scanning electron microscopy (SEM) images in Fig. 6.1 (a), (b), (c) and (d) 
show the surface morphologies of the samples annealed at 250 °C, 500 °C (ZI), 750 
°C (Z2) and 1000 °C (Z3) respectively. These images clearly show that, the samples 
annealed at 1000 °C (Z3) are more homogenous in shape and size than the other 
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samples, the image of sample annealed at 250 °C shows high aggregation. Over all the 
nanoparticles have different shapes, nearly spherical, with moderate aggregation. 
Transmission electron microscopy (TEM) images of the nanoparticles are shown in 
Fig. 6.2 (a) and (b) for the samples Z1 and Z3 respectively, the inset in Fig. 6.2 (a) 
shows the high resolution TEM (HRTEM) image for sample ZI, where the distance 
between two adjacent planes is about 0.26 nm, which corresponds with the d-spacing 
of ZnO (002) plane perpendicular to the c-orientation [0001]. The inset in Fig. 6.2 (b) 
shows the selected area electron diffraction (SAED) for sample Z3, which show six 
clear rings represents the plane (100), (002), (101), (102) (110) and (103), these 
planes are matched with the XRD peaks. 
Fig. 6.1: SEM images, (a) for sample annealed at 250 °C, (b) for sample annealed 
at 500 °C (Z1), (c) for sample annealed at 750 °C (22), (d) for sample annealed at 
10000 °C (Z3) 
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u'ig. 6.2: TEM images for the nanoparticles, (a) for the ZI sample and the inset shows 
'RTEA (b) TEM image for Z3 sample with SAED (inset). 
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Fig. 6.3 shows the XRD patterns of all three samples, which are in good 
agreement with the standard peak positions of the pure ZnO (JCPDS card no. 36-
1451). XRD pattern exhibit a single phase behavior for all the three samples. These 
samples possess the hexagonal wurtzite structure with space group P63mc (186). The 
crystallite size (D), determined using Debye-Scherrer formula [8], increases with 
increasing the annealing temperature and the values are summarized in the Table 6.1. 
Indexing of the peaks has been performed using PowderX software program. 
Z N 
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0 o 	 Pure ZnO 
N o Q 0  
o ° '- 0 
_JML___ __ 
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750 °C 
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20 (degree) 
Fig. 6.3: XRD patterns for the samples of Z1, Z2, and Z3 
6.2.2 Fourier transforms infrared (FTIR) spectra studies 
FTIR spectrum is studied to identify any functional groups or adsorbing 
species on the surface of nanoparticles and to detect molecular impurities. The defects 
at the surface of nanoparticles are responsible for the change of many properties. 
Fig. 6.4 displays the FTIR spectra of Z1, Z2 and Z3, in the range of 400-4000 cm'. 
The absorption peak at —3400 cm 1 represents the stretching vibration of OH mode of 
hydroxide group or interlayer water molecule (free or bound) [9]. The H+ always 
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adsorb on the 0 face of (0001) plane, while OH adsorbed at Zn face of (0001) plane 
due to electrostatics attraction, The peaks at the range of 415-520 em" are 
corresponding to the stretching vibration modes of Zn-O-Zn that agree with other 
reports [10]. Absorpation band at 2900 cm are attributed to C-H, but in the present 
samples that peak not observed clearly. The bands at 1300 and 1600 cm" is assigned 
to the asymmetric and symmetric C=0 modes of some atomuts remaing from raw 
used materials like nitrat or citric acide, these bands dectease with increase annealing 
temperature. The ZnO stretching mode at 420 cm1 appears, indicating that the 
transformation from zinc nitrate to zinc oxide is completed in the samples which are 
annealed at 450 °C 1101. 
Undoped ZnO 
ZI (500 °c) 
Z2 (750 °C) 
Z3 [1000 °C) 
0-H ~O2 Zn-0 
4000 3500 3000 2500 2000 1500 1000 500 
Wave Length (cm') 
Fig. 6.4: FTIR spectra of the samples annealed at different annealing temperatures 
Chapter 6 	Effecet the annealing temp. 	Page 130 
Ph.D Thesis 	 Rezq Naji Alawft 
6.2.3 Raman spectra analysis 
Raman spectroscopy is a versatile technique for detecting dopant 
incorporation, defects and lattice disorder in a host lattice [11]. Fig. 6.5 shows RT 
Raman spectra of the two samples annealed at extreme temperatures, at 500 °C and at 
1000 °C, Z1 and Z3, in the range of 200-800 cm'. Four Raman peaks are observed at 
330, 378, 435 and 580 cm'. The peak at 330 cm' is assigned to a difference mode 
between the E2 high and E2 low frequencies [12]. The peak at 378 cm' is attributed to 
the Al (TO). The highest peak at about 438 cm 1 is assigned to the high-frequency 
branch of E2 high mode (E2H), which involves the oxygen motion and is characteristic 
of wurtzite structure [13]. The increase in the intensity of these peaks with increasing 
annealing temperature indicates that the crystalline structure of these nanoparticles is 
improving due to annealing. The peak at 580 cm 1 is attributed to the oxygen vacancy 
(Vo) related defects [14], which is a small peak in the sample Zl and clearly not 
observed in the sample Z3. Hence, the concentration of the Vo related defects is 
decreased with the increase in the annealing temperature. This may be an additional 
indicative of formation of high quality crystalline material at higher annealing 
temperature. 
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Fig. 6.5: Raman spectra of the samples Zl and Z2 
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6.2.4 Photoluminescence (PL) spectra 
Photoluminescence (PL) is a powerful technique to investigate the energy 
levels in the band-gap, electronic structure, defects and quality of crystalline structure 
of semiconductors. As describes, upon excitation with UV light, electrons jump from 
the valence band (VB) to the conduction band (CB), those electrons rapidly decay to 
the ground stat of the CB and emits UV photons corresponded to the different energy 
between CB and VB, this photon energy is a function of the direct band gap energy. 
A number of energy level exists between the ground and high states, which are 
created by defects, therfore, the PL spectra give an indication to the precent a type of 
defects, Fig. 6.6 shows the possible energy levels. The PL spectra of the ZnO 
nanoparticles for two sample Z1 (500 °C) and Z3 (1000 °C) are presented in Fig. 6.7. 
The observed peaks of green emission are located at -539 nm (2.3 eV) and 464 nm 
(2.27 eV) for the samples Zl and Z3 respectively. The green emission is generally 
attributed to Vo defects 1151. The green emission is clearly observed to decrease for 
the sample Z3. This indicates the improvement in the crystalline structure with 
annealing temperature, which is associated with decrease in the oxygen vacancy. 
Although this emission has been reported many times, the nature of the defect is still a 
matter of discussion, being the oxygen vacancies the most likely candidate 116]. 
Recently, Shalish et al [17) demonstrated that this luminescence arises form the 
surface of the ZnO while Norberg and Gamelin established it is directly correlated 
with the surface hydroxide concentration[18]. Thus, the study of this emission is a 
suitable tool to investigate the the precenceof surface defects like oxygen vacancy. 
The blue-violets emission has been observed at 390 (3.19 eV) and 406 (3.05 eV) Mn 
for the extreme two samples Z1 and Z3, respectively, which is attributed to the 
interstitial Zn (Zni) defects. These defects in ZnO have been attributed as the 
responsible for the RT FM [19]. 
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Fig. 6.7: Photoluminescence (PL) spectra of the two samples annealed at extreme 
temperatures, ZI and Z3 
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TABLE6.1: Values of the crystallite size and magnetic properties for all the samples. 
Samples Size of particle 
(om) 
11€ 
(Qe) 
Ms(emu/g) MR (emulg) MRIMs(%) 
250°C - 275 0.004 0.0015 37 
500 °C (Z1) 22.6 175 0.0042 0.00079 18 
750 °C (Z2) 27.1 135 0.0024 0.00034 14 
1000 °C (Z3) 33.4 162 0.00I8 0.00031 17 
1250°C 42 - - - 
6.2.5 Magnetization measurements 
Fig. 6.8 shows ferromagnetic hysteresis loop (M—H) for all the samples at 
room temperature. The observed coercive field (He) for the sample Z1 (500 °C) 
is 175 Oe, the remnant magnetization (MR) is 0.00079 emulg and the saturation 
magnetization (Ms) is 0.0042 emu/g. These values are decreased gradually with 
increase in the annealing temperature (Table 1). in order to understand the general 
tendency of the magnetization behavior, data for 250 °C and 1250 °C annealed 
sample are also added. Sample annealed at low temperature 250 °C show amorphous 
structure (using XRD, not shown here), and it has the highest magnetization 
parameters, (see Table 1). While the sample annealed at 1250 1C show very weak 
paramagnetism. In bound magnetic polarons (BMP) model, the oxygen vacancy as 
defect mediates the spins of Iocalized electrons of dopant ions in 3d state, but the 
mechanism of FM in pure ZnO without magnetic ions is not clear. Here, we give 
simple approach; it is believed that the magnetism of undoped ZnO should be coming 
from the change in the net spins in the d-orbits of Zn (3d10). The d-orbits should be 
uncompleted with unpaired electron (3a which may be achieved by defects like 
oxygen vacancy (Vo), as observed in the PL and Raman spectra. Each oxygen atom in 
the tetrahedral structure of ZnO is surrounded by four atoms of Zn and vice versa. So, 
the Vo as defect may leave an uncompensated dangling bond beside a Zn ion. The Vo 
may capture one electron from the complete field-band of Zn (d'a) to be uncompleted 
filled d-orbits that leads to a net spin one-half in Zn orbits, for stabilization of the 
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system. The magnetic parameters decrease gradually with increase in the annealing 
temperature and eventually for the samples annealed at 1250 °C a weak 
paramagnetism is observed. This is directly related to the decrease in Vo  
concentration and increase the size ofNPs. In addition, increasing belief that d°  
RTFM is often observed in nanostructures [20] is supported by these observations. 
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O 0.000 
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—250 °C  u '■ 
—■— 500 °C 
—A— 750 °C 
—.-1000 0C • 
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Fig. 6.8: Magnetic hysteresis (M-H) loop of all the samples Z1, Z2 and Z3 and the 
samples annealed at 250 °C, 1250 °C 
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4. Conclusions 
In summary, pure ZnO nanoparticles have been synthesized through sol-gel 
method, annealed at various temperatures. The structure and morphology are studied 
by XRD, SEM and TEM. The size of nanoparticles has been found to increase as the 
annealing temperature increases. The Raman spectroscopy and PL confirm the 
presence of oxygen vacancy (Vo) defects. The RTFM is observed in the samples 
annealed up 1000 °C. The saturation magnetization decreases with increase in the 
annealing temperature. The ferromagnetism in the pure ZnO may be correlated with 
the change in the net number of electrons in the 3d state of Zn induced by Vo. Here, 
the oxygen vacancies located near the surface of nanoparticles play an important role 
in RTFM. The present study shows that the magnetization values can be tuned by 
changing the relative concentration of oxygen vacancies which can be achieved by 
varying annealing temperatures. 
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7.1 _Summary 
The dilute magnetic semiconductor (DMS) is a useful class of materials and 
.playa crucial role in enabling .the semiconductor .spintronic devices;.much question 
remains unanswered with regard to the mechanism of magnetism in these materials. 
Work presented in this thesis contains the studies of structural and magnetic 
properties of the pure ZnO nanoparticles and doped with some transition metal. The 
dopant concentration is less than 15 %. Single phase diluted magnetic semiconductor 
system have been synthesised through chemical wet routes and these materials are in 
powder form. The crystal structure of all samples is identified as a hexagonal wurtizte 
structure, with space group of Pc63m. These materials have been characterized using 
structural, optical, electrical and magnetic characterization techniques. Attempts made 
during the course of this study have been categorized in the form of various chapters 
in this thesis. Details of all the experimental techniques along with theoretical 
methods utilized here have been presented elaborately in chapter 1 and chapter 2. 
Characterization techniques like, X-ray diffraction (XRD), scanning electron 
microscope (SEM), transmission electron microscope (TEM), energy dispersive X-ray 
spectroscopy (EDAX), superconducting quantum interference device (SQUID), 
vibrating sample magnetometer (VSM), X-ray photoelectron spectroscopy (XPS) , 
Raman Spectroscopy, Fourier transform infrared spectroscopy (FTIR) and 
Photoluminescence (PL) spectroscopy have been used. The structural, electrical and 
magnetic properties of the Co doped ZnO nanoparticle as single doping is presented 
in chapter 3. Cr/Co Co-doped ZnO study is presented in chapter 4. In chapter 5, 
study the properties of Co1Ni Co-doped ZnO _ nanoparticles- based DMS. Chapter 6 
discuss the occurrence of ferromagnetic ordering in un-doped ZnO nanoparticles 
without d or f dopant elements. In this chapter brief conclusion from previous chapters 
is presenteli 
7.1.1 Conclusions on Co doped ZnO system 
Un-doped ZnO and Co (10 at. %) concentration doped ZnO nanoparticles 
were studied. single phase nanoparticles samples were prepared successfully using 
sol-gel technique with 400 °C annealing temperature. It is evident from the XRD 
analysis that the investigated samples are nanocrystalline in nature with hexagonal 
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wurtzite structure and space group P63mc.Tthe average crystalline size is less than 30 
nm. Slightly changes in the lattice parameters with the Co doping have been observed. 
The FTIR spectra show that the stretching vibration of Zn-O appears at the range of 
430-550 cm"t. Some organic defects accrue in all ZnO nanocompozite like like C=O, 
CO2, C-H, and 0-H occur in all ZnO nanocompozite that is attributed to the nature of 
polarity structure of ZnO. 
The Raman spectra show the typical peaks of ZnO, and show the presence of 
some defects like oxygen vacancy. No indication of any additional peaks confirms the 
single phase character of the samples. 
Both the sample, pure ZnO and Co doped ZnO show FM hysteresis loop at room 
temperature. Un-doped ZnO show clear magnetic saturation while Co doped ZnO 
show increase in the magnetization as magnetic field increase above 10 KOe without 
saturation. The magnetic properties are intrinsic and can be explain by BMP model, 
by taking in account the effect of surface structure and defect of Zn0 nanoparticles. 
7.1.2 Conclusions on Co/Cr Co-doped ZnO and Co/Ni Co-doped ZnO 
In case of Co-doped, the XRD, TEM, HRTEM, SAED, EDAX, reveal the 
single phase nature, with typical hexagonal wurtzite structure, PL and Raman spectra 
show the presence of oxygen vacancy, which is the responsible behind occurrence of 
FM in the samples, where according to BMP mechanism the dopants ions couple and 
exchange interaction that interaction mediated by oxygen vacancy. This model has 
been fitted and good match between the theory and the experiment data is observed. 
The weak FM may due to coexist of FM and AFM due to direct interaction between 
ions dopants), this material is known as soft magnetic. The magnetization increases 
with Co-doing. 
7.1.3 The occurrence of FM in undoped ZnO Nanoparticles. 
The experimental data show occurrences of RT FM in undoped ZnO without 
magnetic dopant elements. This turn the attention to the importance of the size, shape 
and the surface defects like oxygen vacancy. In practical, the concentrate oxygen 
vacancy and defects at the surface of nanoparticles plays an important role. 
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7_2 General, aspects 
Generally, the DMS system is very sensitive to the synthesis methods, while 
structure of the _sample mostly is stabi.lized, but the magnetic .properties in not They 
exhibit the weak magnetic properties, where the magnetization saturation of the order 
of I0-4 emufg and the He is less than 500 Oe. Though BMP model gives good 
approach, the exact mechanism of magnetism is not clear. 
➢ The ferromagnetism in DMS is intrinsic in nature and not due to magnetic 
segregation, or secondary phase of metal oxides. 
➢ It is difficult to rule out thepresence of tiny amount of metallic cluster in the DMS 
material but it can be excusive its effect on the magnetization of DMS or consider 
that cluster of dopants as the source of FM in DMS system, especially with 
occurrence the FM properties in un-doped. 
> All models assume the source of FM is due to couples and exchange interaction 
between magnetic ions which is distributed randomly inside the ZnO host, that 
intraction is between the localized electron in high valance state 3d or near Fermi 
level state. Interaction can be mediated by electric current as it is in RKKY model, 
or by holes like oxygen vacancy as it is in BMP Model, the double exchange and 
.superexchange -does not affected by carrier current _because that _interaction _occur 
principle between electronic bonds of elements. 
➢ The size of Nanoparticles plays a critical role in the appearance of FM, the 
structure of the surface is defiantly different from -that in the core, where with 
decrease the size of NPs leads to increase the surface to volume ratio, which 
means -increases the surface defects, ions, atoms and the ions at the-surface -have 
neighbors from one side so their properties is different from that in core. 
> These .types of material are very high sensitive to the synthesized method, where 
the magnetic -properties is -affected strongly with -simple change-in the synthesis 
conditions, while the structure of ZnO is more stable with that conditions. 
➢ The FM decreases with increase in the annealing temperature. 
> The magnetization increase mostly with co-doped ZnO nanoparticles. 
➢ The magnetization decreases with increase in the dopant concentration. 
D The amorphous ZnO also show FM, which may be coming from the net spin of 
unpaired electrons of ions, mediated by some defects 
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Using organic composition in sol-gel methods may leave some capping ions on 
the surface of nanoparticles of ZnO. 
7.3 Future scope 
Search for new single phase DMS materials in nanoscale form with sufficiently 
large coupling between electric and magnetic order parameters would be a good 
source for understanding these materials in depth. Till now, we have tailored the 
properties of ZnO system by varying the dopants elements and their concentration. 
We can further enhance the magnetization features by introducing new magnetic ions 
as co-doping like Co, Ni etc. Other possibility is by varying the dopant content 
keeping stoichiometric ratio of all the other ions to be constant to custom tailor the 
hybridization of dopants ions. 
> The DMS thin film can give good results 
> The studied should be continues, for application as well as for depth 
understanding for the mechanism of DMS 
> The research in DMS should be continues with different synthesis method. 
> To confirm some models, the DFT with software program may be useful 
technique. 
> Much attention should be given to the device application of ZnO materials for 
spintronic, electric, opto-electric and sensors devices. 
> ZnO can be used in much new field application Iike biochemistry. 
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Chapter 7 
SUMMARY AND FUTURE SCOPE 
This chapter presents the summary of the research work 
carried out in this thesis and overall conclusions drawn 
from studies done on ZnO and transition metals doped 
ZnO Ms based X %U, materials in powder form. The 
Structural and magnetic properties of these nano -composite 
have been studied In this chapter we will 6riefCy discuss 
about the lessons obtained during the course of the presents 
workandwIiat can be done next. 
